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(57) Abstract 

A microchip loboratory system (10) and method 
provide fluidic manipulations for a variety of applica- 
tions, including sample injection for microchip chemi- 
cal separations. The microchip is fabricated using stan- 
dard photolithographic procedures and chemical wet 
etching, with the substrate and cover plate joined us- 
ing direct bonding. Capillary electrophoresis and elec- 
trochromatography are performed in channels (26, 28, 
30, 32, 34, 36, 38) formed in the substrate. Analytes 
are loaded into a four-way intersection of channels by 
electrokinetically pumping the analyte through the in- 
tersection (40). followed by a switching of the poten- 
tials to force an analyte plug into the separation channel 
(34). 
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Description 



APPARATUS AND METHOD FOR PERFORMING MICROKLUIDIC 
MANIPULATIONS FOR CHEMICAL ANALYSIS AND SYNTHESIS 

This invention was made with Government support under contract 
DE-ACTJ5-R4OR2I400 awarded by the U.S. Department of Energy to Martin Marietta 
Energy Systems, Inc. and the Government has certain rights in this invention. 



10 piffl ^f^He invention 

The present invention relates generally to miniature instramentation for 
chemical analysis, chemical sensing and synthesis and, more specifically, to electrically 
co ^ ro lie^ mam^^ manipuiauons W 
be used in a variety of applications, including the electrically controlled manipulation of 

15 fluid for capillary electrophoresis, liquid chromatography, flow injection analysis, and 
chemical reaction and synthesis. 
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Back ground r *f the invention 

Laboratory analysis is a cumbersome process. Acquisition of chemical 
and biochemical information requires expensive equipment, specialized labs and highly 
trained personnel. For this reason, laboratory testing is done in only a fraction of 
circumstances where acquisition of chemical information would be useful. A large 
proportion of testing in both research and clinical situations is done with crude manual 
methods that are characterized by high labor costs, high reagent consumption, long 
25 turnaround times, relative imprecision and poor reproducibility. The practice of 
techniques such as electrophoresis that are in widespread use in biology and medical 
laboratories have not changed significandy in thirty years. 

Operations that are performed in typical laboratory processes include 
specimen preparation, chemicaVbiochemical conversions, sample fractionation, signal 
detection and data processing. To accomplish these tasks, fiquids are often measured 
and dispensed with volumetric accuracy, mixed together, and subjected to one or several 
different physical or chemical environments that accomplish conversion or fractionation. 
In research, diagnostic, or development situations, these operations are carried out on a 
macroscopic scale using fluid volumes in the range of a few microliters to several liters 
35 at a time. Individual operations are performed in series, often using different specabzed 
equipment and instruments for separate steps in the orocess. Complications, difficulty 



30 



WO 96/04547 



2 



PCT/US95/09492 



and expense are often the result of operations involving multiple laboratory processing 
steps. 

Many workers have attempted to solve these problems by creating 
integrated laboratory systems. Conventional robotic devices have been adapted to 

5 perform pipetting, specimen handling, solution mixing, as well as some fractionation and 
detection operations. However, these devices are highly complicated, very expensive 
and their operation requires so much training that their use has been restricted to a 
relatively small number of research and development programs. More successful have 
been automated clinical diagnostic systems for rapidly and inexpensively performing a 

10 small number of applications such as clinical chemistry tests for blood levels of glucose, 
electrolytes and gases. Unfortunately due to their complexity, large s:ze and great cost, 
such eqmpment, is limited in its application to a small number of diagnostic 
circumstances. 

The desirability of exploiting the advantages of integrated systems in a 
15 broader context of laboratory applications has led to proposals that such systems be 
miniaturized. In the 1980*5, considerable research and development effort was put into 
an exploration of the concept of biosensors with the hope they might fill the need. Such 
devices make use of selective chemical systems or biomolecules that are coupled to new 
methods of detection such as electrochemistry and optics to transduce chemical signals 
20 to electrical ones that can be interpreted by computers and other signal processing units. 
Unfortunately, biosensors have been a commercial disappointment. Fewer than 20 
commercialized products were available in 1993, accounting for revenues in the U.S. of 
less than $100 million. Most observers agree that this &ihire is prinarily technological 
ratheT than reflecting a misinterpretation of market potential. In feet, many situations 
25 such as massive screening for new drugs, highly parallel genetic research and testing, 
micro-chemistry to minimize costly reagent consumption and waste generation, and 
bedside or doctor's office diagnostics would greatly benefit from miniature integrated 

laboratory systems. 

In the early 1990-s, people began to discuss the possibility of creating 

30 miniature versions of conventional technology. Andreas Manz was one of the first to 
articulate the idea in the scientific press. Calling them "miniaturized total analysis 
systems." or >TAS, W he predicted that it would be possible to integrate into single 
units microscopic versions of the various elements necessary to process chemical or 
biochemical samples, thereby achieving automated experimentation. Since that time, 

35 miniature components have appeared, particularly molecular station meihods and 
microvalves. However, attempts to combine these systems into completely integrated 
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^ems have not met Tuis U p^arily because precis ^*°"° f 

hUrd " ! one prominent field susceptible to miniaturization is capillary 

5 decuophores, Capu^eiectrophoresUha^^^ 

charge! mo.ecu.ar specie, in .ohnion. The tectu^e is performed » 
tjTo reduce band broader** effects due to thermal convecuon and hence 
resolving power. Tbesmau tubes bnply that minute volumes of nrt ontheordcr 
ofnanoliters. must be handled to inje* the sample into fte.epa^^ 

10 Current techniques for injection include electroiragranoT. and smhomng of 

s.mp.e from, comainer into a continuous ^ n » ^ °' T 

electrophoretic mobility-based bias. For both sampling techniques the mput end 
anaiysi capillary tube must be transferred from a buffer reserve to a r^ervo-r holdmg 
,S ^Ple i • manipulation is invoWed. For the sprung mjecUon. 

2 reservoir is raised above the buffer reservoir holding the e»t end of the 

capillary for a fixed length of time. , 
An Emigration injection is effected by applymg an appropruudy 
oolarized electrical potential across the capillary tube for a given duration whde the 
20 e ^ end ofthe U-y is in the sample reservoir. This can lead to sampung b** 
a Cportionately larger quantity of the species with Kg-Oer eleetrophore«c 

"pled into the entrance buffer reservoir after *e mjecuon duratton for both 

2J tCChniqUCS - a continuing need ousts for methods and apparatuses which lead to 
improved electrophoretic resolution and improved injection stabdrty. 

^^^^ ■^ provides microchip laboratory systems and 
30 methods that allow complex biochemical and chemical procedures m be conducted on a 
2£p under electronic control The microchip laboratory s>*ems compn** a 
Llna apparatus that transports materials through a system of interconnected. 

35 movLnt of such materials enables precise mixing. *parauar, and reaction as 

needed to implement a desired biochemical or chemical procedure. 
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The microchip laboratory system of the present invention analyzes and/or 
synthesizes chemical materials in a precise and reproUucible manner. The system 
includes a body having integrated channels connecting a plurality of reservoirs that store 
the chemical materials used in the chemical analysis or synthesis performed by the 

5 system. In one aspect, at least five of the reservoirs simultaneously have a controlled 
electrical potential, such that material from at least one of the reservoirs is transported 
through the channels toward at least one of the other reservoirs. The transportation of 
the material through the channels provides exposure to one or more selected chemical or 
physical environments, thereby resulting in the synthesis or analysis of the chemical 

10 material. 

The microchip laboratory system preferably also includes one or more 

imerseciicr^cf-^^ 

laboratory system controls the electric fields produced in the channels in a manner that 
controls which materials in the reservoirs are transported through the intersections), in 

15 one embodiment, the microchip laboratory system acts as a mixer or dinner that 
combines materials in the intersection(s) by producing an electrical potential tn the 
intersection that is less than the electrical potential at each of the two reservoirs from 
which the materials to be mixed originate. Alternatively, the laboratory system can act 
as a dispenser that electrokineticalV injects precise, controlled anounts of material 

20 through the interscction(s). 

By simultaneously applying an electrical potential at each of at least five 
reservoirs, the microchip laboratory system can act as a complete system for performing 
an entire chemical analysis or synthesis. The five or more reservoirs can be configured in 
8 manner that" enables the elcctrokinetic separation of a sample to be analyzed ("the 
25 anaJyte") which is then mixed with a reagent from a reagent reservoir. Altcmatrvery. a 
chemical reaction of an analyte and a solvent can be performed first, and then the 
material resulting from the reaction can be elcctroldncticaUy separated. As such, the use 
of five or.more reservoirs provides an integrated laboratory system that can perform 
virtually any chemical analysis or synthesis, 
30 in yet another aspect of the invention, the rnicroctop laboratory system 

includes a double intersection formed by channels interconnecting at least six reservoirs. 
The first intersection can be used to inject a precisely sized analyte plug into a separation 
channel toward a waste reservoir. The electrical potential at the second intersection can 
be selected in a manner that provides additional control over the size of the analyte plug. 
35 In addition, the electrical potentials can be controlled in a manner that transports 
materials from the fifth and sixth reservoirs through the second intmection toward the 
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15 



20 



25 



U opened through the second intersection toward the fourth 
such con^c^beu^topu^th.^p.uE^dowa the « P ^on 

c^whUeenabUng.secW.na^^ 

In another aspect, the microchip laboratory system acts as • imcrodup 
flow control system to centre, the flow of materia! through an 
integrated channels connecting at least four reservoirs. The nucrodap flow 
^simultaneously applies . control electrical potent * , at *- ' Hh 
Avoirs such that the volume of material transported from the first reserve* to a 
ZTreloir ***** the intersection is selectively controlled soWyby £ 
rvement of a material from a third resent through the interne, 

fromme^^^u^^^ 

the first reservoir. As such, the microchip flow control system act* as a valve or a gate 
t , « controls the volume of material transported through the , unersect^ 
Z microchip flow control system can aUo be configured to act as a s*»~U- 
^ents the firs, material from moving through the intersection toward the second 
eToir after a selected ve.umc of the first matena. has p-ed through the nncrsecuo, 
the microchip flow control system can be configured to act^ ^ 
that mixes the first and second material, m the mterseemm ut a manner that 
sLhaneously transports the first and second materials from the intersectton toward the 
second reservoir^ ^ ^ ^ ^ of ^ Moa ^ 

become apparent from the following detailed description, which taken in conjunct™ 
with the annexed drawings, discloses preferred embodiments of the ir.vent.on. 
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Tirirf PfiTrip*'?'' P f the Drawings, 

B ^^^£,re lU a schematic view of a preferred embodbnent of the present 

,nVe " UOn; Figure 2 is an enlarged, vertical sectional view of. channel shown; 

Figure 3 i, a schematic top view of a microchip according to a second 
preferred embodiment of the present urvenUon; . 

Figure S are CCD images of a plug of analyte moving through the 
35 intersection of the Figure 30 embodiment; 
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Figure 6 is a schematic top view of a microchip laboratory system 
according to a third preferred embodiment of a microchip according to the present 
invention; 

Figure 7 is a CCD image of "sample loading mode for rhodamine B" 

5 (shaded area); 

Figure 8(a) fa a schematic view of the intersection area of the microchip 
of Figure 6, prior to anaryte injection; 

Figure 8(b) is a CCD fluorescence image taken of the same area depicted 
in Figure 8(a), after sample loading in the pinched mode; 
JO figure 8(c) is a photomicrograph taken of the same area depicted in 

Figure 8(a), after sample loading in the floating mode; 

Figure 9 shows integ^tea^uor^nce agnak 
plotted versus time for pinched and floating injections; 

Figure 10 is a schematic, top view of a microchip according to a fourth 
1 5 preferred embodiment of the present invenUon; 

Figure 11 is an enlarged view of the intersection region of figure 10; 
Figure 12 is a schematic top view of a microchip laboratory system 
according to a fifth preferred embodiment according to the present mvention; 

Figure 13(a) is a schematic view of a CCD camera view of the 
20 intersection area of the microchip laboratory system of Figure 12; 

-Figure 13(b) is a CCD fluorescence image taken of the same area 
depicted in Figure 13(a), after sample loading in the pinched mode; 

Figures 13(c)-13(e) are CCD fluorescence images taken of the same area 
depicted in Figure 13(a). sequentially showing a plug of analytc moving away from the 
25 channel intersection at 1, 2, and 3 seconds, respectively, after switching to the run mode; 

Figure 14 shows two injection profiles for didansyMysine injected for 2s 

with y equal to 0.97 and 9.7; 

Figure 15 are electropherograms taken at (a) 3.3 cm, (b) 9.9 cm, and 
(c) 16.5 cm from the point of injection for rhodamine B Cess retained) and 

30 sulforhodamine (more retained); 

Figure 16 is a plot of the efficiency data generated from the 
clecuopherograms of Figure 15, showing variation of the plate number with., channel 
length for rhodamine B (square with plus) and sulforhodamine (square with plus) and 
sulforhodamine (square with dot) with best linear fit (solid lines) for each analytc; 

35 Figure 17(a) is an eleclropherogram of rhodamine B and fluorescein with 

a separation field strength of 1 .5 kV/cm and a separation length of 0.9 mm; 
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Figure 17(b) is an dectropherogram of rhodamine B and fluorescein wilh 
a separation field strength of 1 .3 kV/cm and a separation length of 1 .6 mm; 

Figure 17(c) is an dectropherogram of rhodamine B and fluorescein with 
a separation field strength of 1 - 5 kV/cm and a separation length of 1 1 1 mm; 
5 Figure 18 is a graph showing variation of the number of plates per unit 

time as a function of the dectric field strength for rhodamine B at separation length, of 
1.6 mm (circle) and 1 1,1 mm (square) and for fluorescein at separation lengths of 1.6 
mm (diamond) and 11.1 mm (triangle); 

Figure 19 shows a chromatognun of coumarins analyzed oy 
10 dectrochroraatography using the system of Figure 12; 

Figure 20 shows a chromatogram of coumarins resulting from micdlar 
electrokinetic capillary chromatography using the system of Figure 12; 

-p^TO 2lXi)W2T(bl!^ 

system of Figure 12; 

l5 Figure 22 is a schematic, top plan view of a microchip according to the 

Figure 3 embodiment, additionally including a reagent reservoir and reaction channel. 

Figure 23 is a schematic view of the embodiment of Figure 20, showing 

applied voltages; , 

Figure 24 shows two dectropherograms produced using the Figure 22 

20 embodiment; 

Figure 25 is a schematic view of a microchip laboratory system according 
to a sixth preferred embod iment of the present invention; 

Figure 26 shows the reproducibility of the amount injected for argpune 

and glycine using the system of Figure 25; 
2S Figure 27 shows the overlay of three dectrophorctic separations using 

the system of Figure 25; 

Figure 28 shows a plot of amounts injected versus reaction time using the 

system of Figure 25; 

Figure 29 shows an dectropherogram of restriction fragments produced 

30 using the system of Figure 25; 

Figure 30 is a schematic view of a microchip laboratory system according 
to a seventh preferred embodiment of the present invention. 

Figure 31 is a schematic view of the apparatus of Figure 21, showing 

seque*tiala P ^ ff k 

35 Figure 32 is a graph showing the different voltages applied to effect the 

fluidic manipulations of Figure 23. 
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pttftilttl Description of the Invention 

Integrated, micro-laboratory systems for analyzing or synthesizing 
chemicals require a precise way of manipulating fluids and fluid-borne material and 
5 subjecting the fluids to selected chemical or physical environments that produce desired 
conversions or partitioning. Given the concentration of analytes that produces chemical 
conversion in reasonable time scales, the nature of molecular detection, diffiision times 
and manufecturing methods for creating devices on a microscopic scale, miniature 
integrated micro-laboratory systems lend themselves to channels having dimensions on 
10 the order of 1 to 100 micrometers in diameter. Within this context, elecirokinetic 
pumping has proven to be versatile and effective in transporting materials in 
nucrofabricated laboratory systems. 

_ 'Yh^prcscltt"invention provides-me^ioois"neccssary"io"maite-use-of 
electrokinetic pumping not only in separations, but also to perform liquid handling that 
15 accomplishes other important sample processing steps, such as chemical conversions or 
sample partitioning. By simultaneously controlling voltage at a plurality of ports 
connected by channels in a microchip structure, it is possible to measure and dispense 
fluids with great precision, mix reagents, incubate reaction components, direct the 
components towards sites of physical or biochemical partition, and subject the 
20 components to detector systems. By combining these capabilities on a single microchip, 
one is able to create complete, miniature, integrated automated laboratory systems for 
analyzing or synthesizing chemicals. 

Such integrated micro-laboratory systems can be made up of several 
component elements. Component elements can include liquid dispersing systems, liquid 
25 mixing systems, molecular partition systems, detector sights, etc. For example, as 
described herein, one can construct a relatively complete system for the identification of 
restriction endonudease sites in a DNA molecule. This single microfabricated device 
thus includes in a single system the functions that are traditionally performed by a 
technician employing pipettors, incubators, gel electrophoresis systems, and data 
30 acquisition systems. In this system, DNA is mixed with an enzyme, the mixture is 
incubated, and a selected volume of the reaction mixture is dispensed into a separation 
channel. Electrophoresis is conducted concurrent with fluorescent labeling of the DNA. 

Shown in Figure I U an example of a microchip laboratory system 10 
configured to implement an entire chemical analysis or synthesis. The laboratory system 
35 10 includes six reservoirs 12, 14, 16, 18, 20, and 22 connected to each other by a system 
of channels 24 micromachined into a substrate or base member (not shown in fig. \\ as 



WO 96/04547 



PCT/US95/09492 



9 



10 



discussed in more detail below. Each reservoir 12-22 is in fluid communication with a 
corresponding channel 26, 28, 30, 32. 34, 36, and 38 of the channel system 24. The first 
channel 26 leading from the first reservoir 12 is connected to the second channel 28 
leading from the second reservoir 14 at a first intersection 38. Likewise, the third 
channel 30 from the third reservoir 16 is connected to the fourth channel 32 at a second 
intersection 40. The first intersection 38 is connected to the second intersection 40 by a 
reaction chamber or channel 42. The fifth charmd 34 from the fifth reservoir 20 is also 
connected to the second intersection 40 such that the second intersection 40 is a four- 
way intersection of channels 30, 32, 34. and 42. The fifth channel 34 also intersects the 
sixth channel 36 from the sixth reservoir 22 at a third intersection 44 

The materials stored in the reservoirs preferably are transported 
ciectrokinetically through the channel system 24 in order to implement the desired 
ana iy^- or synthesis— Toprovidesiichd 

includes a voltage controller 46 capable of applying selectable voltage levels, including 
15 ground. Such a voltage controller can be implemented using multiple voltage dividers 
and multiple relays to obtain the selectable voltage levels The voltage controller is 
connected to an electrode positioned in each of the six reservoirs 12-22 by voltage fines 
V1-V6 in order to apply the desired voltages to the materials* in the reservoirs. 
Preferably, the voltage controller also includes sensor channels SI, S2, and S3 connected 
to the first, second, and third intersections 38. 40. 44, respectively, in order to sense the 
voltages present at those intersections. 

The use of elcctrokinctic transport on miaominiaturizttd planar liquid 
phase separation devices, described above, is a viable approach for sample manipulation 
and as a pumping mechanism for liquid chromatography. The present invention also 
25 entails the use of electroosmotic flow to mix various fluids in a controlled and 
reproducible fcshion. When an appropriate fluid is placed in a tube made of a 
correspondingly appropriate material functional groups at the surface of the tube can 
ionize. In the case of tubing materials that are terminated in hydrcxyl groups, protons 
wfll leave the surface and enter an aqueous solvent. Under such conditions the surface 
30 will have a net negative charge and the solvent will have an excess of positive charges, 
mostly in the charged double layer at the surfece. With the application of an electric 
field across the tube, the excess cations in solution will be attracted to the cathode, or 
negative electrode. The movement of these positive charges through the tube will drag 
the solvent with them. The steady state velocity is given by equation 1. 
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where v is the solvent velocity, e is the dielectric constant of the fluid, I is the zeta 
potential of the surfece, E is the electric field strength, and v is the solvent viscosity. 
From equation 1 it is obvious that the fluid flow velocity or flow rate can be controlled 
through the electric field strength. Thus, dectroosmosis can be used ai a programmable 
pumping mechanism. 

The laboratory microchip system 10 shown in Figure l could be used for 
performing numerous types of laboratory analysis or synthesis, such as DNA sequencing 
or analysis, electrochromatography, micellar clectrokincttc capillary chromatography 
(MECC), inorganic ion analysis, and gradient dution liquid chromatography, as 
discussed in more detail below. The fifth channel 34 typically is used for electrophoretic 
or electrochromatographic separations and thus may be referred tojr, l pertain 
embotocrrt^^ the reaction chamber 42 can be uselT 

to mix any two chemicals stored in the first and second reservoirs 12, 14. For example, 
DNA from the first reservoir 12 could be mixed with an enzyme fiom the second 
reservoir 14 in the first intersection 38 and the mixture could be mcubued in the reaction 
chamber 42. The incubated mixture could then be transported through the second 
intersection 40 into the separation column 34 for separation. The sixth reservoir 22 can 
be used to store a fluorescent label that is mixed in the third intersection 44 with the 
20 materials separated in the separation column 34. An appropriate detector (D) could then 
be employed to analyze the labeled materials between the third intersection 44 and the 
fifth reservoir 20. By providing for a ore-separation column reaction in the first 
intersection 38 and reaction chamber 42 and a post-separation column reaction in the 
third intersection 44, the laboratory system 10 can be used to implement many standard 
25 laboratory techniques normally implemented rr^ally m a wnvemkmal teboratory. In 
addition, the elements of the laboratory system 10 could be used to build a more 
complex system to solve more complex laboratory procedures. 

The laboratory microchip system 10 includes a substrate or base member 
(not shown in Fig. 1) which can be an approximately two inch by one inch piece of 
30 microscope slide (Coming, Inc. #2947). While glass is a preferred material, other similar 
materials may be used, such as fused silica, crystalline quartz, fused quartz, plastics, and 
silicon fif the surface is treated sufficiently to alter its resistivity). Preferably, a non- 
conductive material such as glass or fused quartz is used to allow re atively high electnc 
fields to be applied to elecirokineucaUy transport materials through channels in the 
35 microchip. Semiconducting materials such a* silicon could also be tied, but the electnc 
field applied would normally need to be kept to a minimum (approximately less than 300 
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volts per centimeter using present techniques of providing insulating layers), which may 
provide insufficient dectrokinetic movement. 

The channel pattern 24 is formed in a planar sur&ce of the substrate using 
standard photolithographic procedures Mowed by chemical wet etching. The channel 
5 pattern may be transferred onto the substrate with a positive photoresist (Shipley 1811) 
and an e-beam written chrome mask (Institute of Advanced Manufacturing Sciences, 
Inc.). The pattern may be chemically etched using HFANHf solution 

After forming the channel pattern, a cover plate may then be bonded to 
the substrate using a direct bonding technique whereby the substrate and the cover plate 
10 surfaces are first hydrolyzed in a dilute NHvOH/HA solution and then joined. The 
assembly is then annealed at about 500« C in order to insure proper adhesion of the 
cover plate to the substrate. ^ 

-foiiowlnFbondtog-of 
substrata with portions of the cover plate sandwiched therebetween, using epoxy or 
IS other suitable means. The reservoirs can be cylindrical with open opposue axial ends. 
Typically, electrical contact is made by placing a platinum wire electrode m each 
reservoirs. The electrodes are connected to a voltage controller 46 which applies a 
desired potential to select electrodes, in a manner described in more detail below. 

A cross section of the first channel is shown in figure 2 and is identical to 
20 the cross section of each of the other integrated channels. When using a r»n-crystalline 
material (such as glass) for the substrate, and when the channels are chemically wet 
etched, an isotropic etch occurs, U. the glass etches uniformly in all directions, and the 
resulting channel geometry is trapezoidal. The trapezoidal cross section « due to 
■undercutting" by the chemical etching process at the edge of the photores*. In one 
25 embodiment, the channel cross section of the illustrated embodiment has dimensions of 
5 2 um m depth, 57 urn in width at the top and 45 urn in width at the bottom. In 
another embodiment, the channel has a depth -d" of 10pm, an upper width "wV of 
90um, and a lower width "w2" of 70pm. 

An important aspect of the present irrvention is the controlled 
30 elcctrokinetJc transportation of materials through the channel system 24^ Such 
controlled electrokinetic transport can be used to dispense a selected amount of material 
from one Of the reservoirs through one or more intersection, of me channel structure 24. 
Alternatively, as noted above, selected amounts of materials from two reservo.rs can be 
transported to an intersection where the materials can be mixed m desired 
35 concentrations. 



WO 96/04547 



12 



PCT/US95/D9492 



10 



ffottt! Dispenser 

Shown in Figure 3 is * laboratory component 10A that can be used to 
implement a preferred method of transporting materials through a channel structure 24A. 
The A following each number in Figure 3 indicates that it corresponds to on analogous 
clement of Figure 1 of the same number without the A. For simplicity, the electrodes 
and the connections to the voltage controller that controls the transport of materials 
through the channel system 24 A ere not shown in Figure 3. 

The microchip laboratory system 10A shown in Figure 3 controls the 
amount of material from the first reservoir 12A transported through tre intersection 40A 
toward the fourth reservoir 20A by elccttokinetically opening and closing access to the 
intersection 40A from the first channel 26A. As such, the laboratory tnicrodiip system 
10A essentially implements a controlled electrokinetic valve. Such an electrolonetic 
valve cin'bTuseii as^'dispeliserto'dispense selected wiumeTora^iie^enai or as'a 
mixer to mix selected volumes of plural materials in the intersection 40A. In general, 
15 electro-osmosis is used to transport "fluid materials" and electrophoresis is used to 
transport ions without transporting the fluid material surrounding the ions. Accordingly, 
as used herein, the term "material" is used broadly to cover any form of material 

including fluids and ions. 

The laboratory system 10A provides a continuous un: directional flow of 
fluid through the separation channel 34A. This injection or dispensing scheme only 
requires that the voltage be changed or removed from one (or two) reservoirs and allows 
the fourth reservoir 20A to remain at ground potential. This will allow injection and 
separation to be performed with a single polarity power supply- 

An enlarged view of the intersection 40A is shown in Figure 4. The 
25 directional arrows indicate the time sequence of the flow profiles at the intersection 40A. 
The solid arrows show the initial flow pattern. Voltages at the vaious reservoirs are 
adjusted to obtain the described flow patterns. The initial flow pattern brings a second 
material from the second reservoir 16A at a sufficient rate such that all of the first 
material transported from reservoir 12A to the intersection 40A is pushed toward the 
30 third reservoir 18 A. In general, the potential distribution will be such that the highest 
potential is in the second reservoir 16A, * slightly lower potential in the first 
reservoir UA, and yet a lower potential in the third reservoir UA, with the fourth 
reservoir 20A being grounded. Under these conditions, the flow towards the fourth 
reservoir 20A is solely the second material from the second reservoir 16A. 
35 To dispense material from the first reservoir 12A through the intersection 

40A, the potential at the second reservoir 16A can be switched to a value less than the 
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potential of the first reservoir 12A or the potentiali at reservoirs 16A and/or 18 A, can be 
floated momentarily to provide the flow shown by the short dashed arrows in Figure 4. 
Under these conditions, the primary flow will be from the first reservoir 12 A down 
towards the separation channel waste reservoir 20A The flow from the second and 
5 third reservoirs 16A, 18A will be small and could be in either direction. This condition is 
held long enough to transport a desired amount of material from the first reservoir 12A 
through the intersection 40A and into the separation channel 34A. After sufficient time 
for the desired material to pass through the intersection 40A, the voltage distribution is 
switched bade to the original values to prevent additional material from the first reservoir 
10 12A from flowing through the intersection 40A toward the separation channel 34A. 

One application of such a "gated dispenser" is to inject a controlled, 
variable-sized plug of analyte from the first reservoir 12 A for electrophoretic or 
--dtfomatographic-sepa^ 
reservoir 12A stores analyte, the second reservoir 16A stores an ionic buffer, the third 
15 reservoir 18A is a first waste reservoir and the fourth reservoir 20A is a second waste 
reservoir. To inject a small variable plug of analyte from the first reservoir 12A, the 
potentials at the bufTer and first waste reservoirs 16 A, 18 A are simply floated for a short 
period of time (« 100 ms) to allow the analyte to migrate down the separation column 
34 A. To break off the injection plug, the potentials at the buffer rcssrvoir 16A and the 
20 first waste reservoir 18A arc reapplied. Alternatively, the valving sequence could be 
effected by bringing reservoirs 16A and 18A to the potential of the intersection 40A and 
then returning them to their original potentials. A shortfall of this method is that the 
composition of the injected plug has an electrophoretic mobility bias whereby the faster 
migrating compounds are introduced preferentially into the separation column 34A over 
25 slower migrating compounds. 

In Figure 5, a sequential view of a plug of analyte moving through the 
intersection of the Figure 3 embodiment can be seen by CCD images The analyte being 
pumped through the laboratory system 10A was rhodamine B (shaded area), and the 
orientation of the CCD images of the injection cross or intersectior is the same as in 
30 Figure 3. The first image, (A), shows the analyte being pumped through the injection 
cross or intersection toward the first waste reservoir 18A prior to the injection. The 
second image, (B), shows the analyte plug being injected into the separation column 
34A. The third image, (C), depicts the analyte plug moving away from the injection 
intersection after an injection plug has been completely introduced into the separation 
35 column 34A. The potentials at the buffer and first waste reservoirs 16A, 18A were 
floated for 100 ms while the sample moved into the separation column 34A By the time 



WO 96/04547 



14 



PCT/US95/09492 



of the (C) image, the closed gate mode has resumed to stop fiirther analyte from moving 
through the intersection 40A into the separation column 34A, and a clean injection plug 
with a length of 142 pm has been introduced into the separation column. As discussed 
bdow, the gated injector contributes to only a minor fraction of the total plate height. 
5 The injection plug length (volume) is a function of the time of the injection and the 
electric field strength in the column. The shape of the injected plug is skewed slightly 
because of the directionality of the cleaving buffer flow. However, for a given injection 
period, the reproducibility of the amount injected, determined by integrating the peak 
area, is 1% RSD for a series of 10 replicate injections. 
10 Electrophoresis experiments were conducted using the microchip 

laboratory system 10A of Figure 3, and employed methodology according to the present 
invention. Chip dynamics were analyzed using analyte fluorescence. A charge coupled 
lievice~(CCD) - camera~was~used~io~m and a 

photomuttiplier tube (PMT) tracked single point events. The CCD (Princeton 
15 Instruments, Inc. TE/CCD-5 1 2TXM) camera was mounted on a stereo microscope 
(Nikon SMZ-U), and the laboratory system 10A was illuminated using an argon ion laser 
(514.5 run. Coherent Innova 90) operating at 3 W with the beam expanded to a circular 
spot * 2 cm in diameter. The PMT, with collection optics, was situated below the 
microchip with the optical axis perpendicular to the microchip surface. The laser was 
20 operated at approximately 20 mW, and the beam impinged upon the microchip at a 45° 
angle from the microchip surface and parallel to the separation channel. The laser beam 
and PMT observation axis were separated by a 135° angle. The point detection scheme 
employed a helium-neon laser (543 ran, PMS Electro-optics LHGP-0051) with an 
electrometer (Keithley 617) to monitor response of the PMT (Oriel 77340). The voltage 
25 controller 46 (Spellman CZE 1000R) for electrophoresis was operated between 0 and 
+4.4 kV relative to ground. 

The type of gated injector described with respect to Figures 3 and 4 show 
electrophoretic mobility based bias as do conventional cJcCtroosmotic injections. 
Nonetheless, this approach has simplicity in voltage switching requirements and 
30 fabrication and provides continuous unidirectional flow through the separation channel. 
In addition, the gated injector provides a method for valving a variable volume of fluid 
into the separation channel 34A in a manner that is precisely controlled by the electrical 
potentials applied. 

Another application of the gated dispenser 10A is to dilute or mix desired 
35 quantities of materials in a controlled manner. To implement such a mixing scheme in 
order to mix the materials from the first and second reservoirs 12 A, 16A, the potentials 
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in the first and second channels 26 A, 30A need to be maintainrd higher than the 
potential of the intersection 40A during mixing. Such potentials will cause the materials 
from the first and second reservoirs 12A and 16A to simultaneously move through the 
intersection 40A and thereby mix the two material*. The potentials applied at the first 
ind second reservoirs 12 A, 16A can be adjusted as desired to achieve the selected 
concentration of each material. After dispensing the desired amourns of each material 
the potential at the second reservoir 16A may be increased in a manner sufficient to 
prevent further material from the first reservoir 12A from being transported through the 
intersection 40A toward the third reservoir 30A. 



10 



Analvte Tniector 

Shown m Figure 6 is a microchip analyte injector 10B according to the 
P FesWinvcrti5a "ThTcliaiin^ 

and 34B micromachincd into a substrate 49 as discussed above. Each channel has an 
15 accompanying reservoir mounted above the terminus of each channel portion, and all 
four channels intersect at one end in a four way intersection 40B. The opposite ends of 
each section provide tcrrahn that extend just beyond the peripheral edge of a cover plate 
4ST mounted on the substrate 49. The anatyte injector 10B shown in Figure 6 is 
substantially identical to the gated dispenser 10A except that the electrical potentials are 
20 applied in a manner that injects a volume of material from reservoir 16% through the 
intersection 40B rather than from the reservoir 12B and the volume of material injected 
is controlled by the size ofthe intersection. 

The embodiment shown in Figure 6 can be used frr various material 
manipulatrons. In-one application, the laboratory system is used to meet an analyte from 
25 an analvte reservoir 16B through the intersection 40B for separaticn in the separation 
channel 34B. The analyte injector 10B can be operated in either "load" mode or a "run" 
mode. Reservoir 16B is supplied with an analyte and reservoir 12B with buffer. 
Reservoir 18B acts as an analyte waste reservoir, and reservoir 2 OB acts as a waste 
reservoir. 

In the "load" mode, at least two types of analyie introduction arc 
possible In the first, known as a "floating" loading, a potential is applied to the analyte 
reservoir 16B with reservoir 18B grounded. At the same time, reservoirs 12B and 20B 
are floating, meaning that they are neither coupled to the power source, nor grounded. 

The second load mode is "pinched" loading mode, herein potentials are 
35 simultaneously applied at reservoirs 12B, 16B. and 20B, with reservoir 18B grounded in 
order to control the injection plug shape as discussed in more detail bdow. As used 
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herein, simultaneously controlling electrical potentials at plural reservoirs means that the 
electrodes are connected to a operating power source at (lie same chemically significant 
time period. Floating a reservoir means ciscoonecting the electrode tn the reservoir from 
the power source and thus the electrical potential at the reservoir is not controlled. 
5 In the "run" mode, a potential is applied to the buffer reservoir 12B with 

reservoir 20B grounded and with reservoirs 16B and 18B at approximately half of the 
potential of reservoir 12B. During the run mode, the relatively high potential applied to 
the buffer reservoir 12B causes the anatyte in the intersection 40B to move toward the 
waste reservoir 20B in the separation column 34B 
10 Diagnostic experiments were performed using rhodaxnine B and 

sulforhodamine 101 (Exciton Chemical Co., Inc.) as the analyte at 60 uM for the CCD 
images and 6 \iM for the point detection. A sodium tetraborate buffer (50 mM, pH 9.2) 
- was the mobilc phasc in ihe'experimenisr Ah" injection of s^tuUy"weIllieTine<i small 
volume { *« 100 pL) and of small longitudinal extent ( ~ 100 um), injection is beneficial 
1 S when performing these types of analyses. 

The analyte is loaded into the injection crass as a frontal 
elcctropherogram, and once the front of the slowest analyte component passes through 
the injection cross or intersection 40B. the analyte is ready to be analyzed. In Figure 7, a 
CCD image (the area of which is denoted by the broken line square) displays the Dow 
20 pattern of the analyte 54 (shaded area) and the buffer (white area) ilirough the region of 
the injection intersection 40B. 

By pinching the flow of the analyte, the volume of the analyte plug is 
stable over time. The slight asymmetry of the plug shape is due to the different electric 
field strengths in the buffer channel 26B (470 V/cm) and the separation channel 34B 
25 (100 V/cm) when 1.0 kV is applied to the buffer, the analyte and tiie waste reservoirs, 
and the analyte waste reservoir is grounded. However, the different held strengths do 
not influence the stability of the analyte plug injected. Ideally, when the analyte plug is 
injected into the separation channel 34B, only the analyte in the injection cross or 
intersection 40B would migrate into the separation channel. 
30 The volume of the injection plug in the injection cross is approximately 

120 pL with a plug length of 130 \xm, A portion of the analyte 54 ir. the analyte channel 
30B and the analyte waste channel 32B is drawn into the scpaiation channel 34B. 
Following the switch to the separation (run) mode, the volume of the injection plug is 
approximately 250 pL with a plug length of 208 urn. These dimensions are estimated 
35 from a scries of CCD images taken immediately after the swhch is made to the 
separation mode. 
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The two modes of loading were tested for the anahr* introduction into 
the separation channel 34B. The anatyte was placed in the anatyte reservoir 16B, and in 
both injection schemes was "tranaported" in the direction of reservoir 18B, a waste 
reservoir. CCD images of the two types of injections are depicted in Figures 8(a>S(c). 
5 Figure 8(a) schematically shows the intersection 40B, as well as the end portions of 
channels. 

The CCD image of Figure 8(b) is of loading in the pinched mode, just 
prior to being switched to the run mode. In the pinched mode, antfyte (shown as white 
against the dark background) is pumped electrophoreticaBy and eleclroosmotically from 
10 reservoir 16B to reservoir 18B (left » right) with buffer from the tuffcr reservoir 12B 
(top) and the waste reservoir 20B (bottom) traveling toward rescrvcir I8B (right). The 
voltages applied to reservoirs 12B, 16B. 18B. and 20B were 90%, 90%. 0. and 100%. 

- feS pectr«!yr=f-t^F^^ 
the corresponding channels of 400, 270, 690 and 20 V/cm, respectively. Although the 
IS voltage applied to the waste reservoir MB is higher than voltage applied to the analyte 
reservoir 18B, the additional length of the separation channel 34B compared to the 
analyte channel 30B provides additional electrical resistance, and thw the flow from the 
analyte buffer 16B into the intersection predominates. Consequently, the analyte m the 
injection cross or intersection 40B has a trapezoidal shape and is spatially constricted m 
20 the channel 32B by this material transport pattern. 

Figure 8(c) shows a floating mode loading. The analyte is pumped from 
reservoir 16B to 18B as in the pinched injection except no potential is applied to 
reservoirs 12B and 20B. By not controlling the flow of mobile phase (buffer) in channel 
portions 26B and_MB. the anatyte is free to expand .nto these channels through 
2S convective and diffusive flow, thereby resulting in an extended injection plug. 

When comparing the pinched and floating injections, the pinched injection 
is superior in three areas: temporal stability of the injected volume, the precision of the 
injected volume, and plug length. When two or more anarytes with vastly different 
mobilities are to be analyzed, an injection with temporal stability insures that equal 
30 volumes of the faster and slower moving anarytes are introduced into the separation 
column or channel 34B. The high reproducibiUty of the injection vjurne fecUtates the 
ability to perform quantitative analysis. A smaller plug length leads to a hgher 
separation efficiency and. consequently, to a greater component capacity for a given 
instrument and to higher speed separations. 
35 To determine the temporal stability of each mode, a series of CCD 

fluorescence images were collected at 1.5 second intervals starting just prior to the 
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analytc reaching the injection intersection 4GB. An estimate of tha amount of analyte 
that is injected was determined by integrating the fluorescence in the intersection 4 OB 
and channels 26B and 34B. This fluorescence is plotted versus time in Figure 9. 

For the pinched injection, the injected volume stabilizes in a few seconds 
5 and has a stability of \% relative standard deviation (RSD), which is comparable to the 
stability of the illuminating laser. For the floating injection, the amcunt of analyte to be 
injected into the separation channel 34B increases with time because of the dispersive 
flow of analyte into channels 26B and 34B. For a 30 second injection, the volume of the 
injection plug is ca. 90 pL and stable for the pinched injection versus ca 300 pL and 
1 0 continuously increasing with time for a floating injection. 

By monitoring the separation channel at a point 0.9 cm from the 
intersection 40B, the reproducibility for the pinched injection node was tested by 
^intcgratwg.thearea ofth^ 

34B. For six injections with a duration of 40 seconds, the reproducibility for the pinched 

15 injection is 0 7% RSD. Most of this measured instability js from the optical 
measurement system. The pinched injection has a higher reproducibility because of the 
temporal stability of the volume injected. With electronically controlled voltage 
switching, the RSD is expected to improve for both schemes. 

The injection plug width and, ultimately, the resolution between analytes 

20 depends largely on both the flow pattern of the analyte and the dimensions of the 
injection cross or intersection 40B. For this column, the width of the channel at the top 
is 90 um, but a channel width of 10 urn is feasible which would lead to a decrease m the 
volume of the injection plug from 90 pL down to 1 pL with a pinched injection. 

There are situations where it may not be desirable to reverse the flow in 

25 the separation channel as described above for the "pinched" and "floating" injection 
schemes. Examples of such cases might be the injection of a new sample plug before the 
preceding plug has been completely eluted or the use of a post-column reactor where 
reagent is continuously being injected into the end of the separation column. In the latter 
case, it would in general not be desirable to have the reagent flowing back up into the 

30 separation channel. 

Figure 10 illustrates an alternate analyte injector syrem IOC having six 
different ports or channels 26C, 30C, 32C, 34C, 56, and 58 respectively connected to six 
35 different reservoirs 12C, 16C, 18C, 20C, 60. and 62. The letter C after each clement 
number indicates that the indicated element is analogous to a correqiondingly numbered 
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etemenu f Figure 1. The microchip laboratory system 10C is sir.** to labomtory 
system, 10. 10A. and 10B described pMy. « that an injection cross or mteraechon 
40C i, provided. In the Figure 10 embodiment, a lecood intersection 64 and two 
additional reservoir. 60 and 62 art also provided to overcome the problem, with 

5 reversing tiieflow in the separation channel. . 

Like the previous embodiments, the analyte injector system 10C can be 
, 0 implement an analyte separation by electrophoresis or chromatography or 
dispense material into some other processing dement In tr* laboratory system IOC the 
reservoir 12C contains separating buffer, reservoir 16C contams the analyte. and 

0 reservoirs l«C and 20C are waste reservoirs Intersection 40C prefc ably U or^ated « 
tte pinched mode as in the embodiment shown in F.gure 6. The lower imersecUon 64. „ 
L^lua.tion whh resetvoir, 60 and 62. are used to provide addhiona. flow» 
.to.conti^s^^ 

.no, when needed, upward, toward the inject- intersection 40C Keservc, and 
,5 attached channel 56 are not necessary, although they improve performance by reding 
band broadening as a plug paa.es the lower faction 64. In many case, the flow 
from reservoir 60 win be symmetric with that from reserve* 62. 

Figure U U an enlarged view of the two intersections 40C and 64. The 
different types of arrows show the Dow direction, at given instances in ^ 
20 of.plugofanalyteimothesepar^ 

patted where the andyte b dectrokineticaUy pumped into the upper •-«•*« ^ 
L .pinched, by materia, flow fiom reservoir, 12C. 60. and 62 toward th,, same 
intersection Flow .way from the injection intersection 40C is cried to a^yte 
waste reservoir 1»C. The analyte i, also flowing from the reserve 16C to the antuyte 
25 waste reservoir WG Under these conditions, flow from reservoir 60 ^ r^-r ^ 
is also going down the separation channel 34C to 0» v^e reservo, 20C Such a flow 
pattern is created by simultaneously controlling the electrical potenUals at afl »x 

roSerV0 ' n ' A plug of the analyte is injected through the injects intersection 40C 
30 into the separation cW 34C by switching to the ^^T^S: 
dashed arrows. Buffer flow, down from reservoir 12C to the tnjection mtersecuon 40C 
^Trescrvoirs 16C. ISC. and 20C. This flow profile -so pushes he a™£ 
tg toward waste reservoir 20C into the separation channel J4C a, ^ed bef r, 

^ Zby the short arrow and into the separation channd 34C to — dtstoruon. 
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The distance between the upper and lower intersectwns 40C and 64, 
respectively, should be as small as possible to minimize phjg distortion and criticality of 
timing in the switching between the two flow conditions. Electrodes for sensing the 
electrical potential may also be placed at the lower intersection and h the channels 56 
5 and 58 to assist in adjusting the electrical potentials for proper flow control. Accurate 
flow control at the lower intersection 64 may be necessary to prevail undesired band 
broadening. 

After the sample plug passes the lower intersection, the potentials are 
switched back to the initial conditions to give the original flow profile as shown with the 

10 long dashed arrows. This flow pattern will allow buffer flow into the separation channel 
34C white the next analyte plug is being transported to the plug forming region in the 
upper intersec t ion 40C. This inje ction sch eme w iD allow a rapid succession of injections 
to be made and may be very important for samples that are slow to mgrate or if it takes 
a long time to achieve a homogeneous sample at the upper intersection 40C such as with 

15 entangled polymer solutions. This implementation of the pinched injection also 
maintains unidirectional flow through the separation channel as migm be required for a 
post-column reaction as discussed below with respect to Figure 22. 
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Se rpentine Channel 

Another embodiment of the invention is the modoficd analyte injector 
system 10O shown in Figure 12. The laboratory system 10D shown in Figure 12 is 
substantially identical to the laboratory system 10B shown in Figure 6. except that the 
separation channel 34D follows a serpentine path. The serpentine paih of the separation 
channel 34D allows the length of the separation channel to be greatly increased without 
25 substantially increasing the area of the substrate 49D needed to implement the serpentine 
path. Increasing the length of the separation channel 34D increases the ability of the 
laboratory system 10D to distinguish elements of an analyte. In one particularly 
preferred embodiment, the enclosed length (that which is covered by the cover plate 
49D0 of the channels extending from reservoir 16D to reservoir 18D is 19 mm, while the 
30 length of channel portion 26D is 6.4 mm and channel 34D is 171 mm. The turn radius of 
each turn of the channel 34D, which serves as a separation column, is 0. 16 mm, 

To perform a separation using the modified analyte injector system 10D, 
an analyte is first loaded into the injection intersection 40D using one of the loading 
methods described above. After the analyte has been loaded into the intersection 40D of 
35 the microchip laboratory system 10, the voltages arc manually switched from the loading 
mode to the run (separation) mode of operation. Figures I3(a)-13(e) illustrate a 
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separation of rhodaraine B Cess retained) and luifbrboaamiae (more retained) using the 
Mowing conditions: E*=400V/cm. E^-ISOV/cm, butt*- 50 mM sodium 
tetraborate at pH 9.2. The CCD images demonstrate the separation jirocesa at 1 second 
intervals, with Figure 13(a) showing a schematic of the section of the chip imaged, and 
with Figures 13(b>13(e) showing the separation unfold. 

Figure 13(b) again shows the pinched injection with the applied voltages 
at reservoirs 12D. 16D, and 20D equal and reservoir 18D grounded. Figures 13(c)- 
13(e) shows the plug moving away from the intersection at I, 2, and 3 seconds, 
respectively, after switching to the run mode. In Figure 13(c). t>* injecUon plug is 
migrating around a 90° turn, and band distortion is visfole due to the inner portion of the 
plug traveling less distance than the outer portion. By Figure 13(di. the analytes have 
separated into distinct bands, which are distorted in the shape of a paralldogram. In 
Fgure^cTi^ 

i.f... collapsing of the parallelogram, due to radial diffiision, an addithmal contribution to 
15 efficiency loss. 

When the switch is made from the load mode to the run mode, a dean 
break of the injection plug from the analyte stream is desired to avoid tailing. This is 
achieved by pumping the mobile phase or bufFer from channel 26D into channels 30D. 
32D, and 34D simultaneously by maintaining the potential at the intersection 40D below 
20 the potential of reservoir 1 2D andabove the potentials of reservoirs 16D, 18D, and20T>. 

In the representative experiments described herein, Hie intersection 40D 
was maintained at 66% or the potential of reservoir 1ZD during the run mode. This 
provided sufficient flow of the analyte back away from the injection intersection 40D 
down channels 30D and 32D without decreasing the field strength in the separation 
channel 34D significantly. Alternate channel designs would allow a greater fraction of 
the potential applied at reservoir 12D to be dropped across the separation channel 34D, 
thereby improving efficiency. 

This three way flow is demonstrated in Figures 13(c)-13(e) as the 
analytes in channels 30D and 32D (left and right, respectively) mov* further away from 
the intersection with time. Three way flow permit* weaned, reproducible injections 
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with minimal bleed of the analyte into the separation channel 34D. 



Detectors . . . r 

in most applications envisaged for these integrated microsystems for 

35 chemical analysis or synthesis it will be necessary to quantify the material present tn a 
channd at one or more positions similar to conventional laboratory measurement 
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processes. Techniques typically utilized for quantification include, but axe not limited to, 
optical absorbance. refractive index changes, fluorescence emission, cherniluminescence, 
various forms of Ramon spectroscopy, electrical conductometric measurement^ 
electrochemical amperiometric measurements, acoustic wave propagation measurements. 
5 Optical absorbence measurements are commonly employed with 

conventional laboratory analysis systems because of the generality of the phenomenon m 
the UV portion of the electromagnetic spectrum. Optical absorcence is commonly 
determined by measuring the attenuation of impinging optical power us tt passes through 
a known length of material to be quantified. Alternative approaches axe possible with 
10 laser technology including photo acoustic and photo thermal .'cchniqucs Such 
measurements can be utilized with the microchip technology discussed here with the 
additional advantage of potentially integrating optical wave guides on microfabricatcd 
-devices. ^The-us^af-soIidrSta^ 

without frequency conversion elements would be attractive for reduction of system size. 

15 Integration of solid state optical source and detector technology onto a chip docs not 
presently appear viable but may one day be of interest 

Refractive index detectors have also been commonly used for 
quantification of flowing stream chemical analysis systems because of generality of the 
phenomenon but have typically been less sensitive than optical absorption. Laser based 

20 implementations of refractive index detection could provide adequate sensitivity in some 
situations and have advantages of simplicity. Fluorescence emission (or fluorescence 
detection) is an extremely sensitive detection technique and is comtr.only employed for 
the analysis of biological materials. This approach to detection has much relevance to 
miniature chemical analysts and synthesis devices because of the sensitivity of the 

25 technique and the small volumes that can be manipulated and analyzzd (volumes in the 
picoliter range are feasible). For example, a 100 pL sample volume with 1 nM 
concentration of analytc would have only 60,000 analyte molecules to be processed and 
detected. There are several demonstrations in the literature of detecting a single 
molecule in solution by fluorescence detection. A laser source is often used as the 

30 excitation source for ultrasensitive measurements but conventional li^ht sources such as 
rare gas discharge lamps and light emitting diodes (LEDs) are also used. The 
fluorescence emission can be detected by a photomultiplter tube, pliotodiode or other 
light sensor. An array detector such as a charge coupled device (CCD) detector can be 
used to image an analyte spatial distribution. 

35 Raman spectroscopy can be used as a detection method for microchip 

devices with the advantage of gaining molecular vibrational information, but with the 
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disadvantage of relative., poor sensitivity. Sensing h» ecn 
.urfi.ee enhanced Raman spectroscopy (SERS) effecu but only a: .. 
Hectrical or electrochemical detection approaches ere also of p«rt<ular murest for 
Cementation on microchip devices due to the ease of intention jmtc >> 
; ^fabricated structure and the potentially high sensitivity that can be ««u»cd. The 
^ general approach to dectrical quantification is a conductometnc 
, meLemen, of the conductivity of an ionic sample. The prese *» of an termed 
an^TT corresponds increase the conductivity of a fluid - 
aZtification. Amperiometric measurement, imply the measurement of Je»«* 
3 Lugh an electrode at a given electric* potential due to the redact™ or ™<™«J*> 
ZZ* a, the electrode. Some selectivity can be obtained by controlhng the pr*«mM 
elecuode but H is minima!. Amperiometric ^^,^^1 
^conducu^^ ~ 
notcntials that «n be used with common solvents. SensMvmes m the nM range have 

that the number of electrons measured (through the currem) .s equal to the number of 
ttolecules present. The electrodes required tor either of these detect methods^ 
deluded on . nucrofabrictfed device through a pho.oUthogr.pluc panermng « I — 
deposition process. Electrodes could also be used to iniUate a *^unun«cence 
20 d Son process, an excited state molecule is generated via an o^on-reducUon 
J£TJL thsn transfers «s energy to . anahte m.ecule. *u-+ emnttng . 

Ph0t ° n ** " ^ic measurement, can -so be used for quantifier, of materials 
ta have not been widely used to date. One method that has been us* pnn^iy ^gas 

25 phase detection is the attenuation or phase shift of a surface aconsnc wave (SAW> 
££. of material to the surface of a substrate where a SAW i, propagat.g^ 
*, propagation characteristics and allow, » concentration dote— Select,™ 
lents on the surface of the SAW device are often used. Sirnuar techntques may be 
usefulm the devices described herein. 

, 0 The mixing capabilities of the microchip laboratory systems described 

herein lend themserves to detection processes mat include the add-on of one or more 
agents Derivation reactions are commonly used at mochenucal assay, For 
Z£ ar.no acids, peptides and proteins are commonly label* 
regents or o-phthaldialdehyde to produce fluorescent molecu,es that are mm y 

Sing substrate, could be added to provide an enzyme ampl^d detecUon scheme 
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i.e., the enzyme produces a detectable product. There are many examples where such an 
approach has been used in conventional laboratory procedures to enhance detection, 
either by absorbence or fluorescence. A third example of a detection method that could 
benefit from integrated mixing methods is chemihimintscaicc detection. In these types 
5 of detection scenarios, a reagent and a catalyst are mixed with an appropriate target 
molecule ta produce an excited state molecule that emits a detectab'e photon. 

Analvte Stacking 

To enhance the sensitivity of the microchip laboratory system 10D, an 
10 analyte pre-concentration can be performed prior to the separation. Concentration 
enhancement is a valuable tool especially when analyzing enviro'imental samples and 
biological materials, two areas targeted by microchip technology. Analyte sucking is a 
wnvemenftechluquVt^ 

stacking, the analyte is prepared in a butler with a lower conductivity than the separation 
15 buffer. The difference in conductivity causes the ions in the analyte to stack at the 
beginning or end of the analyte plug, thereby resulting in a concentrated analyte plug 
portion that is delected more easily. More elaborate preconcentration techniques include 
two and three buffer systems, i.e., transient isotachophoretic preconcentration. It will be 
evident that the greater the number of solutions involved, the more difficult the injection 
20 technique is to implement. Pre-concentration steps are well suited for implementation on 
a microchip. Etcctroosmotically driven flow enables separation and sample buffers to be 
controlled without the use of valves or pumps. Low dead volume connections between 
channels can be easily fabricated enabling fluid manipulation with high precision, speed 
and reproducibility. 

25 Referring again to Figure 12, the pre-concentratian of the analyte is 

performed at the top of the separation channel 34D using a modif ed gated injection to 
stack the analyte. First, an analyte plug is introduced onto the separation channel 34D 
using dectroosmotic flow. The analyte plug is then followed by rrore separation buffer 
from the buffer reservoir I6D. At this point, the analyte stacks at the boundaries of the 

30 analyte and separation buffers. Dansylated amino acids were used as the analyte, which 
are anions that stack at the rear boundary of the analyte buffer plug. Implementation of 
the analyte stacking is described along with the effects of the stacking on both the 
separation efficiency and detection Emits, 

To employ a gated injection using the microchip laboratory system I0D, 

35 the analyte is stored in the top reservoir 12D and the buffer is stored in the left reservoir 
16D. The gated injection used for the analvte stacking is performed on an analyte having 
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an ionic strength that is less than that of the miming buffer. Buffer is transported by 
dectroosmosis from the buffer reservoir 16D towards both the analyte waste and waste 
reservoirs 18D, 20D. This buffer stream prevents the aniiyte frort bleeding into the 
separation channel 34D. Within a representative embodimant, the rotative potentials at 
the buffer, analyte, analyte waste and waste reservoirs are 1. 0.9. 0.7 and 0, respectively. 
For 1 kV applied to the microchip, the field strengths in the Duller, analyte. analyte 
waste, and separation channels during the separation are 170. 130. 180, and 120 V/cm. 
respectively. 

To inject the analyte onto the separation channel 34D. the potential at the 
buffer reservoir 16TJ is floated (opening of the high voltage switch) l or a brief period of 
tteie (0 1 to 10 s), and analyte migrates into the separation channel. For 1 kV applied to 
the microcKp.Jie field strengths in the buffer, sample, sample wa ste, and separation 
channels during the injection are 0. 240, 120. and-|T0V/cm, rcspcct.veiy.-To breaic off - 
the analyte plug, the potential at the buffer reservoir 16D is reapplied (closing of a h.gh 
15 voltage switch). The volume of the analyte plug is a Junction of the injection tune, 
electric 6eld strength, and dectrophoretic mobility. 

The separation buffer and analyte compositions can be quite different, yet 
with the gated injections the integrity of both the analyte and bulfcr streams can be 
alternately maintained in the separation channd 34D to perform the stacking operation. 
The analyte stacking depends on the relative conductivity of the ^tion buffer to 
analyte, y For example, with a 5 mM separation buffer and a 0.516 mM sample (0.016 
mM dansyMysine and 0.5 mM sample buffer), y is equal to 9.7. figure 14 shows two 
injection profiles for didansyl-lysine injected for 2 s with v equal to 0.97 and 9.7. The 
injection profile withy " 0.97 (the separation and sample buffers are both 5 mM) shows 
no stacking. The second profile with y = 9.7 shows a modest enhancement of 3.S for 
relative peak heights over the injection with y - 0.97. Didansyl-ly*ne isanaiuon, and 
thus stacks at the rear boundary of the sample buffer plug. In addition to increasmg the 
analyte concentration, the spatial extent of the plug is confined. The injection profile 
with y - 9 7 has a width at half-height of 0.41 s. while the injection rrofile wrth y - 0.97 
has . width at half-height of I.H ». The electric field strength in the separate channel 
34D during the injection (injection field strength) is 95% of the dectric field strength m 
the separation channel during the separation (separation field strength). These profiles 
are measured while the separation fidd strength is applied. For an i^jecuon tune of 2 s. 
an injection plug width ofl .9 s is expected for y - 0.97. 

The concentration enhancement due to stacking was evaluated for several 
sample plug lengths and relative conductivities of the separation buffer and analyte. The 
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enhancement due to stacking increases with increasing relative cor ductivi ties, y. In 
Table 1, the enhancement is listed for g from 0.97 to 970. Although the enhancement is 
largest when f m 970, the separation efficiency suffers due to an decuoosmotic pressure 
originating at the concentration boundary when the relative conductivity is too large. A 

5 compromise between the stacking enhancement and separation efficiency must be 
reached and y ■ 10 has been found to be optimal For separations performed using 
stacked injections with y ■ 97 and 970, didansyWysine and dansyl-i;oleucinc could not 
be resolved due to a loss in efficiency. Also, because the injection process on the 
microchip is computer controlled, and the column is not physically transported from vial 

10 to vial, the reproducibility of the stacked injections is 2.1% rsd (perceu relative standard 
deviation) for peak area for 6 replicate analyses. For comparisor, the non-stacked, 
gated injection has a 1.4% rsd for peak area for 6 replicaie analyses, and the pinched 
injection has a 0.75% r$d7or peak areTfoT S"rcplicate aTiaJys^"rhTs^corresporu3 weii 
to reported values for large-scale, commercial, automated capilkiry electrophoresis 

15 instruments. However, injections made on the microchip are * W0 times smaller in 
volume, e.g. 1 00 pL on the microchip versus 10 nL on a coramercial instrument 

Table 1 : Variation of stacking enhancement with relative conductivity, y. 

y Concentration Enhancement 

0.97 1 
9.7 6.5 
97 11.5 
970 13.8 

20 

Buffer streams of different conductivities can be accurately combined on 
microchips. Described herein is a simple stacking method, althojgh more elaborate 
stacking schemes can be employed by fabricating a microchip with additional buffer 
reservoirs. In addition, the leading and trailing electrolyte buffers can be selected to 

25 enhance the sample stacking, and ultimately, to lower the detection limits beyond that 
demonstrated here. It is also noted that much larger enhancements are expected for 
inorganic (elemental) cations due to the combination of field amplified analyte injection 
and better matching of analyte and buffer ion mobilities. 

Regardless of whether sample stacking is used, the inicrochip laboratory 

30 system 10D of Figure 12 can be employed to achieve electrophorectic separation of an 
analyte composed of rhodamine B and sulforhodaminc. Figure 15 a*e electrophero grams 
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at (a) 3 3 cm. (b) 9.9 cm. and (c) 16.5 an from the point of injection for rhodamme B 
Oess retained) and sulfcrhodamme (more retained). These were taken using the 
Mowing condition.: injection type was pinched. E* = SOOV/cm. ft. = 170 V/c* 
buffer - SO mM sodium tetraborate at pH 9.2. To obuin electrograms tn the 
S conventional manner, .ingle point detection with the heliunvneon laser (green hne) was 
u»ed at different locations down the axis of the separation channel 34D. 

An important measure of the utility of a separation system is the number 
of plates generated per unH time, as given by the formula 

M n is .he nu mber of the oretical platea.tis th e separation tin*. L is the length of the 
separation column, and H U the Wght equivalent to a theoretical plate, mrpa* 
height, H, can be written as 

H = A + BAi 



IS 



20 



where A is the sum of the contributions from the injection plug leng-h and the detector 
path length. B is equal to 2D„ where D. is the diffusion coefficient for the analyte . the 
buffer, and u is the linear velocity of the analyte. 

Combining the two equations above and substituting u - liE where u is 
ft. effective electrophoretie mobiEty of the analyte and E is the electric field strength, 
the plates per unit time can be expressed as a function of the electric Held strength: 



25 



30 



35 



N/t = (uE) , /(AuE + B) 

At low electric field strengths when axial diffusion is the dominant form 
of band dispersion, the term AuE is small relative to Band consequenUy. the number of 
plates per second increases with the square of the dectric field strength. 

As the electric field strength increases, the plate reight approaches a 
coostant value, and the plates per unit time increases linearly with the electric field 
strength because B is small relative to AuE. It fa thus advantageous to have A as small 
as possible, a benefit of the pinched injection scheme. 

The efficiency of the electrophorectic separation of rhodanune B and 
sulforhodamine at ten evenly spaced positions was monitored, each consututmg a 
separate experiment. At 16.5 cm from the point of injection, the eHiaencu* of 
SwUbTb and sulforhodamine are 38.100 and 29.000 elates, respectively. 
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Efficiencies of this magnitude are sufficient for many separation arc.lic.uons. The 
bnearity of the data provide* information about the uniformity and quality of the channel 
along iU length. If a defect in the channel. e.g.. a large pit, was present, a sharp decrease 
to the efficiency would result; however, none was detected. The efficiency data are 

A similar separation experiment was performed using the microchip 
analyte injector 10B of Figure 6. Because of the straight separation channel 34B. the 
analyte injector 10B enables taster separations than are possible using the serpentine 
separation channel 34D of the alternate analyte injector 10D shown in Figure 12. In 
10 addition, the electric field strengths used were higher (470 V/cm and 100 V/cm for the 
buffer and separation channels 26B, 34B, respectively), which funher mcreased the 

-spced-a£the.separations. _ ___ 

One particular advantage to the planar microchip laboitory system 10B" 
of the present invention is that with laser induced fluorescence the poi it of detection can 
15 be placed anywhere along the separation column. The electrophcrogruns are detected at 
separation lengths oro.9 mm, 1.6 mm and 11.1 nun from the inject™, intersection 40B. 
The 1.6 mm and 11.1 mm separation lengths were used over a ranje of electric field 
strengths from 0.06 to 1.5 kV/cm, and the separations had baseline resolution over this 
range At an electric field Strength of 1-5 kV/cm. the analytes. rtodamine B and 
20 fluorescein, are resolved in less than 150 ms for the 0.9 mm separation length, as shown 
in Figure 17(a), m less than 260 ms for the 1 .6 mm separation length, as shown m Figure 
1 7(b), and in less than 1 .6 seconds for the U . I mm separation length, as shown in Figure 

17(c). , 
-Due to the trapezoidal geometry of the channels, the upper corners make 

25 it difficult to cut the sample plug away precisely when the potentials are switched from 
the sample loading mode to the separation mode. Thus. tl» injection plug has a shght 
tail associated with it, and this effect probably accounts for the tail ng observed m the 
separated peaks. 

In Figure 18. the number of plates per second for the 1.6 mm and 
30 1 1 1 mm separation lengths are plotted versus the electric Wd strentfh. The number of 
plates per second quickly becomes a linear function of the dearie field strength, because 
the plate height approaches a constant value. The symbols in Figi-re 18 represent the 
experimental data collected for the two analytes at the 1.6 mm and 1 1.1 mm separation 
lengths The lines are calculated using the previously-stated equation and the 
3S coefficients arc experimentally determined. A slight deviation is seen between the 
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eipenmenu. data and the odculated numbers, for rhodamine B at *c Hi™ 
separation length. ThiaisprUnariJyduetoexperimtntri error. 

H 66 * 12 ^™ 11 *^ 8 ^^ ^ electrophoresis for general analysis is us inability to 
s^e uncharged species. M^^in.^^^^ 
^rophoretic mobilrty. and thus, the same nugrauon tune. The ^P™^ 
^ZToD shown inF^Hcanako be used to perform 
^ ° ^^.nahrtea To perform such deOrochronurography. the surface of the 

n» of the separation channel after bonding the cover plate M the aubsWteto 

and then rinsed** water. The section channel wasdn* - 

while purging with helium at a gauge pressure of approx.mMdy 50 kPa ABY. I 

separation channel with an over pressure ofhelhm, at appro*.m*e.y JO kPa _ The O 
ToTuene tnboore was putnped conUnuously into ^^STJ^ 1 
reaction period at 125'C. The channels are ^ ^ to 
acetonHnle to remove the unreacted ODS. The laboratory « 
20 perform elcctrochrornatography on .n analytes 

oumarin 4S0 (C450) and coumarin «60 (C460; Bxctton Chenuc* £ ££££ 
for the direct fluorescent measurement, of the separate and 1 lM fo ' 
Lrlntmea^rementsofthevoidtime. A sodium tetraborate buffer (10 mM, pH 
9.2)with25%(v^aeetonitrilewasthebufl«r. loading 
2S Theanalyte injector 10D was operated under a pnJrt a»lyte loaoung 

analyte U loaded into the injection cross v» a frontal chrornatogrant traveung 
2rte reservoir 16D to the analyte waste reservoir 18D. and orce tee fton, of the 
M Z£ passes through the injection intersection <0D. the aunple * *ady U> be 
rlTrT^to the separation mode, the applied potential, are reconfigured, for 

rTo pXnt b X of the excess ana*e hno the ^tion «*.-. the 
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the buffer reservoir 12D. This method of loading and injecting tre tample is time- 
independent, non-biased and reproducible. 

In Figure 19, a chromatogram of the coumarins is shown lor a linear 
velocity of 0.65 mm/s. For C440, 1 1700 plates was observed which corresponds to 120 

5 plates/*. The most retained component, C460, has an efficiency nearly an onder of 
magnitude lower than for C440, which was 1290 plates. The undulaing background in 
the chromatograms is due to background fluorescence from the glass substrate and 
shows the power instability of the laser. This, however, did not hamper the quality of 
the separations or detection. These results compare quite well with conventional 

10 laboratory High Performance LC (HPLC) techniques in terms of alate numbers and 
exceed HPLC in speed by a fcctor often. Efficiency is decreasing with retention fester 
than would be predicted by theory. This effect may be due to <jverloading of the 
monolayer stationary or kinetic effects due to the high speed of the sc jaration. 

IS K ice1lar Elcctm kinetic CanillBrv Chromatography 

In the dectrochromatography experiments discussed above with respect 
to Figure 19, sample components were separated by their partitioning interaction with a 
stationary phase coated on the channel walls. Another method of separating neutral 
analytes is micellar electrokinetic capillary chromatography (MECC). MECC is an 
20 operational mode of electrophoresis in which a surfactant such as sodium dodecylsulfate 
(SDS) is added to the buffer in sufficient concentration to form micelles in the buffer. In 
a typical experimental arrangement, the micelles move much more slowly toward the 
cathode than does the surrounding buffer solution. The partitioning of solutes between 
the micelles and the surrounding buffer solution provides a separation mechanism similar 
25 to that of liquid chromatography. 

The microchip laboratory 10D of Figure 12 was used to perform on an 
analyte composed of neutral dyes coumarin 440 (C440), coumarin 450 (C450). and 
coumarin 460 (C460, Exciton Chemical Co., Inc.). Individual stotk solutions of each 
dye were prepared in methanol, then diluted into the analysis buff x before use. The 
30 concentration of each dye was approximately 50uM unless mdicaicd otherwise. The 
MECC buffer was composed of 10 mM sodium borate (pH 9.1), 50 mM SDS, and 10% 
(v/v) methanol The methanol aids in solubabdng the coumarin dyes in the aqueous 
buffer system and also affects the partitioning of some of the dyes ire o the micelles. Due 
care must be used in working with coumarin dyes as the ehemical, physical, and 
35 toxicological properties of these dyes have not been fully investigated. 



W0 96/MS47 



31 



PCT/US9S09492 



The microchip laboratory aystem 10D was operated in the "pinched 
Section" n«>de described previously. The vohages applied to the reservoir* are set to 
eL fcading -.ode or . "run" (separation) mode. In the loading mode, a frontal 
chromatoaram of the aolution in the ana*. r«ervoir MD i, pumped deetroo^cJiy 

the bL and waste reservoirs also cause weak flows into the *™ ^ 

ides.^thenunothe^ewastereservoirlSD. Tl« chip remain, in thts mode vu^l 
lowest movtng component of the anaiyte has through *, «~ ■«£ 
A. this point, the analyte plug in the intersection U representative of anaryte so.rn.or, 
o with no electrokiiictic bias. ' ... 

An injection is made by switching d. chip to the W mode when 
charge, the voltage, applied to the reservoirs such that buffer now fl.nvs from the buffer 

wastereservoirJOD. The plug of ana.yte.ha, wasin the intersect™ 40D « swept tnto 
15 lhe separation channel 34D. Proportionately lower vottages are allied to the a*** 
ZZp. reservoirs 16D. ID to cause a weak flow of 
,eservTl2D into these channels. These Hows ensure that the sarnie plug * clean* 
broken off" from the analyte stream, and that no excess analyte leaU into the separate 

channel during the analysis. 
M The results of thcMECC analysis of a mixture of C«0, C450 and C460 

^ shown in Figure 20. The peaks were identified by UMW '""JT*^ 
The migration time stability of the first peak. C440. w«h change methano 
corxentration was . strong indicator that this dye did not partition into the mtcdles to . 
^ficant extent. Therefore it was considered an electroosmotic flow marker wrth 
25 time tO. The las, peak. C460. was ^ to be a ma.ker for «^ 

migration time. Un. Using these values of tO and Un from the data » F«ure20_*e 
Stedelution rang, tO/tn, is 0.43. Uis agree, wdivnth abjure valu^ of ^Z- 
To 4 for a similar buffer system, and supports our assumption These resuteoompare 

weD with conventional MECC performed in capites and abo shows some adv^agc, 
30 iTerl elecuochromatography experiment described above in tha, ^» ~* 

with retention ratio Further advantages of this approach to separate neutral spec** " 

IT no surface modification of the walls is necessa* and that ft. stattonary phase ts 

continuously refreshed during experimenU. 
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foprflanic Ion Analysis 

Another laboratory analysis that can be performed on either the 
laboratory system 10B of Figure 6 or the laboratory system 10D of Figure 12 is 
inorganic ion analysis. Using the laboratory system 10B of Figuc 6, inorganic ion 
5 analysis was performed on metal ions complexcd with 84ryoroxy.juiiwnne-5 -sulfonic 
acid (HQS) which are separated by electrophoresis and detected with UV laser induced 
fluorescence. HQS has been widely used as a tigand for optical deteitninations of metal 
ions. The optical properties and the solubility of HQS in aqueous media have recently 
been used for detection of metal ions separated by ion chromatooraphy and capillary 
10 electrophoresis. Because uncomplexed HQS does not fluoresce, exiiass Ugand is added 
to the buffer to maintain the complication equilibria during the separation without 
contributing a large background signal. This benefits both th«: efficiency of the 
separation and detectabfiity of the sampleT the compounds used foTthTexpcnments arc 
zinc sulfate, cadmium nitrate, and aluminum nitrate. The buffer is sodium phosphate (60 
15 mM, pH 6.9) with 8- hydroxyquinoline-5-sulfonic acid (20 mM for all experiments 
except Figure 5; Sigma Chemical Co.). At least 50 mM sodium phosphate buffer is 
needed to dissolve up to 20 mM HQS. The substrate 49B used was fused quartz, which 
provides greater visibility than glass substrates. 

The floating or pinched analyte loading, as described previously with 
20 respect to Figure 6 t is used to transport the analyte to tlie injection intersection 40B. 
With the floating sample loading, the injected plug has no clectrophoretic bias, but the 
volume of sample is a function of the sample loading time Becau;; the sample loading 
time is inversery proportional to the field strength used, for high injection field strengths 
a sliorter injection time is used than for low injection field strengths. For example, for an 
25 injection field strength of 630 V/cm (Figure 3a), the injection time is 12 s, and for an 
injection field strength of 520 V/cm (Figure 3b), the injection time is 14.5 s Both the 
pinched and floating sample loading can be used with and without suppression of the 
electroosmotic flow. 

Figures 21(a) and 21(b) show the separation of three metal ions 
30 complexed with 8-hydVoxyquinoline-5-sulfonic acid. All three complexes have a net 
negative charge. With the electroosmotic flow iniwmizcd by the covalent bonding of 
polyacrylamide to the channel walls, negative potentials relative In ground are used to 
manipulate the complexes during sample loading and separation. In Figures 21(a) and 
21(b), the separation channel field strength is 870 and 720 V/cm. respectively, and the 
35 separation length is 16.5 mm. The volume of the injection plug is 120 pL which 
corresponds to 16, 7, and 19 fmol injected for Zn, Cd, and Al, respectively, for Figure 
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4* in Figure 4b. 0.48, 0.23. and 0.59 fmo. of Zn.a^Al, r^civdy 

rsd (percent relative standard deviation) « »e*«red by peak are* £ 
^ The Stability of Ac laser used ,o exche «he complexes.* . 1H ««L The 

Po^.f^grarioTi c^annf 1 Reactor „ ,, -n,. 

^^ ^h^ microchip laboratory system 10E a shown m F.gure 22 The 
five-port pattern of channel, is deposed on a substrate 49E end whh a cover, * «R 
10 J^Jpreviousiy-described en-bodiments. The microch* labo.*ory system 10E 
Ibod JL was fabled usmg sundard ^ ^^^a 

g,«, slide and ablating the channel design into the chrome film « a CAD/CAM ^ 
*Z i0 n system (Resonetics. Inc.). The channel design was then transferred onto the 

„ « Z ^positive photoresist The chann* were etched in. the sur^, J a 
?r>Wbl To form the separation *«- 34E » collate was b.n^ 
the substrate over the etched channeU u=ns . direct bondmg ^ 
were hydroryred m dilute NIWH/HA solution, rinsed m d«oruzed. mtered ft. 
Z then JZw at 500-C. CyHndrica! glass resets were affi,ed on ^ £«. 

20 usmgRTVsUicone^ebyGcneralHectric). Platom electrode, proved electncaJ 
eo^tVom the voltag* confer 46E (Spdhnan CZE1000R) to the so.ut.ons . the 

reservoirs. ^ 26E is in one embodiment 2.7 mm in length from the first 

reservoir 12E to the intersection 40E. whi-e the channel 30E £ 7.0 mm. and 
25 channel 32E is 6.7 mm. The separation channel ME is modified to be only 7.0 ^ « 
tength, due to the addition of a reagent reservoir 22E which nas a reagent eh^ 36E 

reparation channel 34E is measured from the intersecuon 40E to the n^ tee 44EL 
Channel 56 extending from the mixing tee 44E to the waste 
,0 Action cdumn or *«* and in the iW*ed embodiment thts cHanne, » «>.* mm ,n 
lemtth The length of the reagent channel 36E is 11.6 mm 

^' In a representative example, the figure 22 embodiment was used to 

^t detectiof and a charge coupled device (CCD. Princeon InsUuments. Inc. 
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TE/CCD-512TKM) for imaging a region of the microchip 90. The compounds used for 
testing the apparatus were rhodamine B (Exriton Chemical Co.. Inc.) Kfiinine, glycine, 
threonine and o-phthaidialdehyde (Sigma Chemical Co.). A sodium tetraborate buffer 
(20 mM. P H 9.2) with 2% (wv) methanol and 0.5% (v/v) ^mercaptoethanol was the 
5 buffer ir, all tests. The concentrations of the amino acid, OPA and rhodamine B 
solutions were 2mM, 3.7mM, and 50uH respecUvdy. Several rui conditions were 
utilized. 

The schematic view in Figure 23 demonstrates one exj nple when 1 kVis 
applied to the entire system. With this voltage configuration, the electric field strengths 
10 in the separation channel ME (£■,) and the reaction channel 36E <E*.) are 200 and 425 
V/cm, respectively. This allows the combining of 1 part sepiralion affluent with 1.12S 
-pam-feagtr.;-er .™yin g .iee 44E. An anal yte i ntroductio n system 8 jch as this, w ith or 
without post-column reaction, allows a very rapid cycle time for multiple analyses. 

The dectropherograms; (A) and (B) in Figure 2' demonstrate the 
15 separation of two pain of amino acids. The voltage configurator is the same as in 
Figure 23. except the total applied voltage is 4 IcV which corresponds to an electric field 
strength of 800 V/cm in the separation column and 1.700 V/cm. in the reaction 
column (Eo0- The injection times were 100 ms for the tests which correspond to 
estimated injection plug lengths of 384, 245. and 22S nm for arglnine. glycine and 
20 threonine, respectively. The mjeaion volumes of 102. 65. and 60 pL correspond to 200. 
130 and 120 fowl injected for arginine, glycine and threonine, respectively. The point of 
detection is 6.5 mm downstream from the mixing tee which gives a total column length 
of 13.5 mm for the separation and reaction. 

- The reaction rates of the amino acids with the OPA are moderately fast, 
25 but not 6st enough on the time scale of these experiments. An increase in the band 
distortion is observed because the mobilities of the derivatiaed compounds arc different 
from the pure amino acids. Until the reaction is complete, the zones of unreactcd and 
reacted amino acid will move at different velocities causing a broadening of the analyte 
zone As evidenced in Figure 24. glycine has the greatest discrepancy in electrophoretic 
30 mobilities between the derivauzed and un-derivatized amino acid. To ensure that the 
excessive band broadening was not a function of the retention timr. threonine was also 
tested. Threonine has a slightly longer retention time than the flycme; however the 
broadening is not as extensive as for glycine. 

To test the efficiency of the microchip in both the separatum column and 
35 the reaction column, a fluorescent laser dye, rhodamine B. *» used as a probe. 
Efficiency measurements calculated from peak widths at half height were made usmg the 
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point d«t«ction scheme at distances of 6 mm and 8 mm from the injection cross, oi 1 mm 
upstream and 1 mm downstream from the mixing tee. This provided information on the 
effects of the mixing of the two streams. 

The electric field strengths in the reagent column and the separation 
column were approximately equal, and the field strength in the reaction column was 
twice that of the separation column. This configuration of the applied voltages allowed 
an approximately 1:1 volume ratio of derivatizing reagent and effluent from the 
separation column. As the field strengths increased, the degree of turbulence at the 
mixing tee increased. At the separation distance of 6 mm (lmn upstream from the 
mixing tee), the plate height as expected as the inverse of the linear velocity of the 
analyte. Al the separation distance of 8 mm (1 mm upstieam from the inixing tee), the 
plate height data decreased as expected as the inverse of ihe velociry of the analyze. At 
lr*leparatioird*^ 
height data decreases from 140 V/cm to 280 V/cm to 1400 V/cro- This behavior is 
abnormal and demonstrates a band broadening phenomena when two streams of equal 
volumes converge. The geometry of the mixing tee was not optimized to irumrnize this 
band distortion. Above separation field strength of S40 V/cm, the system stabilizes and 
again the plate height decreases with mcreasing linear velocity. For ■ 1400 V/cm. 
the ratio of the plate heights at the 8 mm and 6 mm separation lengths is 1 .22 which is 
20 not an unacceptable loss in efficiency for the separation. 

The intensity of the fluorescence signal generated from the reaction of 
OPA with an amino add was tested by continuously pumping glycine down the 
separation channel to mix with Ihe OPA at the inixing tee. The fluorescence signal from 
the OPA/amino acid reaction was collected using a CCD as the product moved 
25 downstream from the mixing tee. Again, the relative volume taio of the OPA and 
glycine streams was 1.125. OPA has a typical half-time of reaction with amino acids of 
4 s. The average residence times of an analyte molecule in the window of observation arc 
4.68, 2.34, M7, and 0-58 s for the electric field strengths in the tvaction column (E«) 
of 240, 480. 960, and 1920 V/cm, respectively. The relative intensities of the 
fluorescence correspond qualitatively to this 4 s half-time of reaction. As the field 
strength increases in the reaction channel, the slope and rnaxirnum of the intensity of the 
fluorescence shifts further downstream because the glycine and OPA are swept away 
from the mixing tee faster with higher field strengths. Ideally, the observed fluorescence 
from the product would have a step function of a response foUow;ng the mixing of the 
35 separation effluent and derivatizing reagent. However, the kinetics of the reaction and a 
finite rate of mixing dominated by diffusion prevent this from occur ; ing 
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The separation using the post-separation channel reactor employed a 
gated injection scheme in order to keep the analyte, buffer and recent streams isolated 
as discussed above with respect to figure 3. For the post-separation channel reactions, 
the microchip was operated in a continuous analyte loadmg/scpamtion mode whereby 
5 the analyte was continuously pumped from the analyte reservoir 12E through the 
injection intersection 40E toward the analyte waste reservoir 18E. Buffer was 
simultaneously pumped from the buffer reservoir 16E toward the analyte waste and 
waste reservoirs 18E, 20E to deflect the analyte stream and prevent the analyte from 
migrating down the separation channel. To inject a small aliquot of analyte, the 
10 potentials at the buffer and analyte waste reservoirs 16E, 18E are simply floated for a 
short period of time (*100 ms) to allow the analyte to migrate down the separation 
channel as an analyte injection plug. To break offthe injection plug, the potentials at the 

buffer an d analyte waste reservoirs 16E. I BE are reapply 

The use of micromachined post-column reactors can improve the power 
of post-separation channel reactions as an analytical tool by irunirrizing the volume of 
the extra-channel plumbing, especially between the separation and reagent channels 34E, 
36E. TWs microchip design (Figure 22) was fabricated with modest lengths for the* 
separation channel 34E C7 mm) and reagent channel 36E (10.8 mm) which were more 
than sufficient for this demonstration. Longer separation channels can be manufactured 
on a similar size microchip using a serpentine path to perform more difficult separations 
as discussed above with respect to Figure 12. To decrease rwa-mixing tee band 
distortions, the ratio of the channel dimensions between the separation channel 34E and 
reaction channel 56 should be irumnuzed so that the electric fidd strength in the 
separation channel 34E is large, narrow channel, and in the rcction channel 56 is 
25 small, re., wide channel. 

For capillary separation systems, the small detection volumes can limit the 
number of detection schemes that can be used to extract information. Fluorescence 
detection remains one of the most sensitive detection techniques for capillary 
electrophoresis. When incorporating fluorescence detection into a sj-stem that docs riot 
30 have naturally fluorescing analytes, derivatization of the analyte must occur either pre- or 
post-separation. When the fluorescent "tag" is short lived or the separation is hindered 
by prc-separation derivatization, post-column addition of derivatizins reagent becomes 
the method of choice. A variety of post-separation reactors have bee* demonstrated for 
capillary electrophoresis. However, the ability to construct a posi separation reactor 
35 with extremely low volume connections to minimize band distortion has been difficult. 
The present invention takes the approach of fabricating a microchip device for 
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aectrcphcreuc separations whh an integrated pet-separation ^'^J^ 
^ Lnolithic device enabling extreme* 1- volume exchanges b*wcen 
channel functions. 

5 Je^ of thT p^aration channel reactor dcs.gn sh jwn m figure 22, 

the microchip laboratory ***** V* to- in PgureM includes « P~^°" 

F.gurel. The reacts chamber 42F ^J^^ ^ longeT 

channel 34F to give lower electne field strengtasm the ^ ^ 

residence times for the rea S e„«s- The reacuon chamoer « * „m " " ~ 

6.2 deep, and the separation channel 34F is 31 Mm w,de at half-depth and pm 

15 Th, n^ochip laboratory system .OF was - 

separation channel reactions coupled whh ele^phoretic andys, * *« ~J 
P *\ Here ^ reactor is operated continuously with small shouots mtroduced 
P r„ I'thtr^on .dine. 34F using .he gated dispone discussed above 
penod,caUy otfotte ^^^of three elements: the 

ontHhTseparation column, and the separation/ detection of the ^TTJ^ 
ro . -v j op a rs 1 mM : S gma Chemical Co.) I ne wuer w »u w 

meZ"etW- 2-mercap.octhano.U added to the buffer . a rcducu* agent for the 
cerivati^onr^io. ^ ^ ^ ^ ^ „ 

10 impiuu*. flP - w , HV HV .2 HV, and ground. 

-ttizzzz* — *■ -r 
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dectroosmoticaily pumped into the reaction chamber 42F with a volumetric ratio of 
1:1.06. Therefore, the solutions from the analyte and reagent reseivous 12F, 14F are 
diluted by a factor of * 2. Buffer was simultaneously pumped by etectioosmosis from 
the buffer reservoir 16F toward the analyte waste and waste rescrvcirs 18F, 20F. This 
5 buffer stream prevents the newly formed product from bleeding <nto the separation 
channel 34F. 

Preferably, a gated injection scheme, described above with respect to 
Figure 3, is used to inject effluent from the reaction chamber 42F into the separation 
channel 34F. The potential at the buffer reservoir 16F is simply floated for a brief period 
1 0 of time (0. 1 to 1 .0 s), and sample migrates into the separation channel 34F. To break off 
the injection plug, the potential at the buffer reservoir 16F is reapplied. The length of 
the injection plug is a function of both the time of the injection and the electric field 
atrerigthr^Witf^ 

with the OPA continuously generates fresh product to be analyzed. 

15 a significant shortcoming of many capillary electrophoresis experiments 

has been the poor reproducibility of the injections. Here, because the microchip injection 
process is computer controlled, and the injection process involves the opening of a single 
high voltage switch, the injections can be accurately timed events. Figure 26 shows the 
reproducibility of the amount injected (percent relative standard devution, % rsd, for the 

20 integrated areas of the peaks) for both arginine and glycine at injection field strengths of 
0.6 and 1.2 kV/cm and injection times ranging from 0.1 to 1.0 s. For injection times 
greater than 0.3 s, the percent relative standard deviation is bdow 1.8%. This is 
comparable to reported values for commercial, automated capiPary electrophoresis 
instruments. However, injections made on the microchip are « 100 times smaller in 

25 volume, e.g. 100 pL on the microchip versus 1 0 nL on a coTnrnercial instrument Part of 
this fluctuation is due to the stability of the laser which is * 0.6 %. l ; or injection times > 
0.3 s, the error appears to be independent of the compound injecied and the injection 
field strength. 

Figure 27 shows the overlay of three electropho'etic separations of 
30 arginine and glycine after on-microchip pre-column derivatization with OPA with a 
separation field strength of 1.8 W/cm and a separation length of 10 mm The separation 
field strength is the electric field strength in the separation chaimel 34F during the 
separation. The field strength in the reaction chamber 42F is 150 V/cm. The reaction 
times for the analytes is inversely related to their mobilities, c.8-, for arginine the reaction 
35 time is 4.1 s and for glycine the reaction lime is 8.9 s. The volumes of the injected plugs 
were 150 and 71 pL for arginme and glycine, respectively, which correspond to 35 and 
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^Zt^ZL ^ variation of the linear velocUy «hh th 4 sepa^J-d 
ZL were 29.! and 13.3 mm'/flcV-is) for artfr.toe »d gryonc, 

rl-i versus 6e>d strentfh data A hnear fit produced * 
^» fer^ri- - for glycine for separation field Strengths from 0.2 to 2.0 

^ *» increases ^ «H to *. 

ofthe product. The offset between the data for the arguune ^ 
• j /„rimarilv to the difference in the amounts peeled, lb. differs electropho 
« due primarily to the ^ ^ 

•* fof ? ^ ^ 1 fitted to the data correspond to 

, fcst order reaction condiuons. The slopes of the nr. f ^^q.U s"' 

the rates ofthe derivation reaction. The slopes » 0 13 s fa 

automation, speed and volume for chemical reaction*. 

30 

PNA A"^ 8 ** _ . , , i . , ^ 0 i uq ; s procedure, a restriction 

To debate a useful b.o.^cal Qn the 

digestion and eiectrophorelic sizing ^"V^"!?^ Lwn i» 
imcgrated biochemical ^"'^^^Ldttie labonttory system 

shown in figure 25 except that the separation channel 340 ot me 
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follows . terpentine p.*. The serene for plasmid P BR322 »c the recogmuon 
sequence Of the enzyme Hinf 1 we known. After digestion, detenni«non of the 
filnent distribution is performed by separating the digestion products usutg 
electrophoresis in a sieving medium in the sep«*ion channel J4G. For these 

i experiment,, hydroxvethyl cellulose is used a, the sieving medium. At a fixed po-nt 
downstream in the separation channel 340. migrating fragment, are interrogated using 
on-chip laser induced fluorescence with an tacrcalating dye, thiarole orange doner 
fTOTO-1), asthefluorophore. 

The reaction chamber 42G and separation channel 340 shown m F.gure 

0 29 are 1 and 67 mm long, respectively, having a wicuh at half-depth of 60 um and a 
depth of 12 um. In addition, the channel walls are coated with poryacrylam.de to 

single point detection laser induced fluorescence detection. An argon ion laser (10 mW) 
U Lused to a spot onto the chip using a lens (100 mm ftcrf tag*) The fluorescence 
lS signs, is collected using a 21x objective lens (N.A. = 0.42), followed by spatial futenng 
(0 6 mm diameter pinhole) and spectral filtering (S60 nm bandpass. 40 nm bandwullh). 
and measured using a photomultiplier tube (PMT). The data acqeisiuon and voltage 
switching .pparatus are computer controlled. The reaction buffer is 10 rrM TnwceU* 
1 0 mM magnesium acetate, and 50 mM potassium acetate. The reaction ^buffer placed 
20 in the DNA, enzyme and waste 1 reservoirs 12G. 14G. IDG shown « figure 2* I fc 
separation buffer is 9 mM Tris-borate whh 0* mM EDTA and 1% (wAr) hydroxy! 
cellulose. The separation buffer is placed in the buffer and waste 2 reservoirs 167, VS. 
The concentrations of the plasmid P BR322 and enzyme Hurf 1 « 125 ng/ul and 4 
units/ul. respectively. The digestions and separation, are parformed at room 

25 temperature (20*C). 

The DNA and enzyme are electrophoteficaBy loaded mto the reaction 

chamber 42G from their respective reservoirs 12G. 140 by V*-*-' P-jer 
dectrical potential,. The rdative po.ennaU a, the DNA ^J^ 1 **™" 
(16G). wL 1 (ISO), and waste 2 (20G) reservoirs are 10%. 10% 0. 30%. « .100%, 
30 respectively. Due to the electrophoretic mobility differences between the DNA and 
Z-* the loadmg period U made sufficienUy long to reach ea^brium. Aiso. due to 
tfTln volume of the reaction chamber 420. 0.7 nL. rapid diflustona, nuxtng occurs. 
The eleetroosmotic flow is minimized by the covalent hnmobdaauon of bnear 
polyacrylamide. thus only anions migrate from the DNA and ^J^n^ 
35 140 into the reaction chamber 42G with the potential distnbunons used. The reacuon 
buffer which contains cations, required for the enzymatic dtgestoons. . * also 
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, ^ ■ ,h e waste 1 reservoir 1RG. This enables the cations to propagate into the 
1^^- to the OKA ana e-^e during - ^ng of *c 

£E chamber. The digestion is performed static** by remevrng sUeU^ 

p«tl loading U* region cWer 42G due to the reUfveW short «an*t tone 

oflheDNAthrtwghthe«actionehamber. 

Following the digestion period, the products arc migrated mtojhe 

5Cplrati0 n channel 34F for analysis by Boating the voltages to the 
Avoirs 16F. IV. The injection ha, a mobUity bias whe* the smaUer 
^mfavor of the larger Omenta. »^-^*^J*£j 
orlL 75- base pair (bp) fragment is estimated to be 0.34 ram whereas for the 1632-bp 

^volume m^^^c^WSn^c^^^ 
ohifi length to the plate height would be overwhelming. 

are resolved using 1.0% (Wv) hydroxyethyl cellulose as the sievu* medmnv 

riBR322 following a 2 min digestran by the enzyme HinT l. io o» * 

pBR322 touowing ^ rfDNA afar digestion but pr.or to mterrogatton. 

column strung rf ft. > h ^ 2 ^ 20G only and 

0 the intercalate dye, TOWG^ - 1--^ ^ ,, ensity 0 f the band, 

m ; crates count crcurrcnt to the una. as wpcwu, 

Stents. The unresolved 220/22, and 507/5U-bp fragments ha,ng 
25 migration times and injection volumes are 0.55 and 3.1 A standard 

pbsmid DNA restriction fragment analysis indicates the ^^J^ 
Laturi^g more •^^£^£^1^ 

consuming 10.000 times less matenal than the typ.c.1 small 

35 Pr0MdUre mgener,, Represent invention can be u «d ,0 m« differ fluids 
" ruined in JL PC- or reservoirs. This could be used for a M 
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c hrorr*to«aphy separation experiment followed by posH»l«mn labe'ing reactions .« 
whTotCT Znica. solution, of a given volume -re P-pcd into ft. V™* 
CriLnTo^ reagents or ^ons - be h*c*d or pun^ ^ 
ZTat different time, to be rnfced m precise and known concents Toexccute 
STnL, it is necessary to accurate* control and r«anrpul*e soU*c*s m the vanous 



channels. 



^ 31^ *6^ six port microchip laboratory system 10 shown 
,o inReurel whichcouW take advantage of this novel mixing scheme. Particular features 

oTSry be used for. Uquid cn^Utograph, separation experimem fellow^ by po«- 
Tl SnTreacticns 1" ««* «" experiment, reservoirs 12 and .4 would contam 

15 °^" mi %1^ 34 connected to the waste ~* » - to the two 
channels 26 and 28 connecting the analyte and solvent reservoirs U-dM • 
orirnary separation channel, i.e.. where the liquid chromatography expenmcnt would 
The in,™ channel, 30, 32 connecting the buffer and analyte wast 
20 ^Z\e and U are used to make an injection mto the liquid — jhy ° 
^Ition channe. 34 *s discussed above Fmally, reservoir 22 and- 
atLng to the separation channel 34 are used to add a recent. ^cd m 

proportions to render the species separated m the scparat.on channd 

To execute this process, it is necessary to accurately control and 
25 manipulate solutions in the various channels. The embodunerUs described above took 
volumes of solution (*.00 * from reservoir, !2 and 40 and aecur^y 
them into the separation channel 34. For these vanous -~ 
volume of solution need, to be transferred from one channel ,o another. For example. 
SI - hquid chromatosraphy or re* ent ~ 

bbeling reactions requires that streams of soluUon, be nuxed « precse and known 



30 

concentrations. 



The mixing of various solvents in known proportions can be done 
according to the present invention by control** potentials 

ZlooLtic flows as indicated in equation 1. Accordmg to eruafon 1 0* electnc 

35 
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a given reservoir. The field strength can be calculated from the applied voltage and the 
characteristics of the channel. In addition, the resistance or conductance of the fluid in 
the channels must also be known. 

The resistance of a channel is given by equation 2 where R is the 
5 resistance, r is the resistivity, Lis the length of the charaid, and A is the cross-sectional 
area. 

10 Fluids are usually characterized by conductance which is just the 

redprocal-cf-tht-resistapxe-^ K is th e electrical 

conductance, p is the conductivity, A is the cross-sectional area, 3id L is the length as 
above. 



15 




Using ohms law and equations 2 and 3 we can write the field strength in a 
given channel, i, in terms of the voltage drop across that channel divided by its length 
which is equal to the current, I; through channel i times the resisiivity of that channel 
divided by the cross-sectional area as shown in equation 4. 

20 

V*.¥L «. (4) 

Thus, if the channel is both dimensionalVy and decirically characterized, 
the voltage drop across the channel or the current through the chinnel can be used to 
determine the solvent velocity or flow rate through that chanr.el as,: expressed in 
2S equation 5. It is also noted that fluid flow depends on the zeta potential of the surface 
and thus on the chemical make-ups of the fluid and surface. 



V- oc I; oc Flow 
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Obviously the conductivity, k, or the resistivity, p, win depend upon the 
characteristics of the solution which could vary from channel to channel. In many CE 
applications the characteristics of the buffer will dominate the electrical characteristics of 
the fluid, and thus the conductance will be constant In the case of liquid 
5 chromatography where solvent programming is performed, the electrical characteristics 
of the two mobile phases could differ considerably if a buffer is not used During a 
solvent programming run where the mole fraction of the mixture is changing, the 
conductivity of the mixture may change in a nonlinear fashion but it will change 
monotonically from the conductivity of the one neat solvent to the other. The actual 
10 variation of the conductance with mole fraction depends on the dissociation constant of 
the solvent in addition to the conductivity of the individual ions. 

_ __A^.descrihed.above..the device shown schematically in pgurejl .^"j fjjgL 

used for performing gradient elution liquid chromatography with post-column labeling 
for detection purposes, for example. Figure 31(a), 31(b), and 31(c) show the fluid flow 
1 5 requirements for carrying out the tasks involved in a liquid chromatography experiment 
as mentioned above. The arrows in the figures show the direction and relative 
magnitude of the flow in the channels. In Figure 31(a), a volume of analytc from the 
analyte reservoir 16 is loaded into the separation intersection 40. To execute a pinched 
injection it is necessary to transport the sample from the analyte reservoir 16 across the 
20 intersection to the analyte waste reservoir 18. In addition, to confine the lanalyte 
volume, material from the separation channel 34 and the solvent uservoirs 12,14 must 
flow towards the intersection 40 as shown. The flow from the first reservoir 12 is much 
larger than that from the second reservoir 14 because these are the initial conditions for a 
gradient elution experiment. At the beginning of the gradient elution experiment, it is 
25 desirable to prevent the reagent in the reagent reservoir 22 from entering the separation 
channel 34. To prevent such reagent flow, a small flew of buffer from the waste 
reservoir 20 directed toward the reagent channel 36 is desirable and this flow should be 
as near to zero as possible. After a representative analyte volume is presented at the 
injection intersection 40, the separation can proceed. 
30 In Figure 31(b), the run (separation) mode is shown, solvents from 

reservoirs 12 and 14 flow through the intersection 40 and down die separation channel 
34. In addition, the solvents flow towards reservoirs 4 and 5 to ma^e a clean injection of 
the analyte into the separation channel 34. Appropriate flow of reajent from the reagent 
reservoir 22 is also directed towards the separation channel. The initial condition u 
3 5 shown in Figure 31(b) is with a large mole fraction of solvent 1 and a small mole fraction 
of solvent 2. The voltages applied to the solvent reservoirs 12, 14 are changed as a 
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fenctior, of time so that the proportion of solvent, I -2 - •« - 
donri^n* of solvent 1 to mostly solvent 2. This is shown m Figure 31(c). The latter 
monotonic change in applied vohage effects the gradient elation liquid chromatography 
experiment As the isolated components pass the reagent addiion channel 36. 
appropriate reaction can take place between this reagent and the plated matenal to 

form a detectable spedes. 

Figure 32 shows bow the voltages to the various reservoirs are changed 
for a hypothetical gradient dution experiment The voltages shown in this diagram only 
indicate relative magnitudes and not absolute voltages In the loading mode of 
operation, static voltages are applied to the various reservoirs. Solvent flow from all 
reservoirs except the reagent reservoir 22 is towards the anaryte waste reservotr 18. 
Thus, rie^ytelcservoFlTOTT^ 

higher potential. The potential at the reagent reservoir should be sufficiently below that 
of the waste reservoir 20 to provide only a slight flow towards the reagent rescrvo-r. 
The voltage at the second solvent reservoir 14 should be sufficiently great in magnrtude 
to provide a net flow towards the injection intersection 40. but the flew should be a tow 

magnitude. 

In moving to the run (start) mode depicted m figure 31(b), the potentials 
are readjusted as indicated in Figure 32. The flow now is such that the solvent from the 
solvents reservoirs 12 and 14 is moving down the separation channel 34 towards the 
waste reservoir 20. There is also a slight flow of solvent away from the uncction 
intersection 40 towards the analyte and analyte waste re,ervoirs 16 and 18 and an 
appropriate flow of reagent from the reagent reservoir 22 into the separation channel 34. 
The waste reservoir 20 now needs to be at the minimum potential and the first solvent 
reservoir 12 at the maximum potential. All other potentials are adjusted to proWe the 
fluid (low directions and magnitudes a, indicated in Figure 31(b). Also, as shown in 
F.gure32, the voltages applied to the solvent reservoirs 12 and 14 are monotomcally 
changed to move from the conditions of a large mole fraction of solvent 1 to . Urge 

mole fraction of solvent 2. 

At the end of the solvent programming run. the dev:ce ts now ready to 
switch back to the inject condition to load another sample. The voltage variations 
shown in Ftgure 32 are only to be illustrative of what might be done to provide the 
various fluid flows in Figures 31(.M0 In an actual experiment some to the vanous 
voltages may well differ in relative magnitude. 
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While advantageous embodiments have been chosen to illustrate the 
invention, it will be understood by those skilled in the an that various changes and 
modifications can be made therein without departing from the scope of the invention as 
defined in the appended claims. 
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Claims 

1. A microchip laboratory system for analyzing or synthesizing chemical 
material, comprising: 

a body having integrated channels connecting a plurality of reservoirs, wherein at 
least five of the reservoirs simultaneously have a controlled electrical potential associated 
therewith, such that material from at least one of the reservoirs is transported through the channels 
toward at least one of the other reservoirs to provide exposure to one or more selected chemical 
or physical environments, thereby resulting in the synthesis or analysis of the chemical material. 

2. The system of claim 1 wherein the material transported is a fluid. 

3. The system of claim 1, further comprising: 

a first intersection of channels connecting at least three of the reservoirs; and 
means for mixing materials from two of the reservoirs at the first intersection. 

4. The system of claim 3 wherein the mixing means includes means for 
producing an electrical potential at the first intersection that is less than the electrical potential at 
each of the two reservoirs from which the materials to be mixed originate. 

5. The system of claim 1, further comprising: 

a first intersection of channels connecting first, second, third, and fourth reservoirs; 

and 

means for controlling the volume of a first material transported from the first 
reservoir to the second reservoir through the first intersection by transporting a second material 
from the third reservoir through the first intersection. 

6. The system of claim 5 wherein the controlling means includes means for 
transporting the second material through the first intersection toward the second and fourth 
reservoirs. 

7. The system of claim 5 wherein the controlling means includes dispensing 
means for transporting the second material through the first intersection in a manner that prevents 



SUBSTITUTE SHEET (RULE 



WO 96/04547 



PCIYUS95/09492 



48 

the first material from moving through the first intersection toward the second reservoir after a 
selected volume of the first material has passed through the first intersection toward the second 
reservoir. 

8. The system of claim 5 wherein the controlling means includes diluting 
means for mixing the first and second materials in the first intersection in a manner that 
simultaneously transports the first and second materials from the first intersection toward the 
second reservoir. 

9. The system of claim 1 wherein the integrated channels include a first 
channel connecting first and second reservoirs, a second channel connecting third and fourth 
J^rvojrsjn a manner tha t forms a firstmtersection with the first channel, and a third channel that 
connects a fifth reservoir with the second channel at a location between the first intosecrTon~jmd 
the fourth reservoir. 

10. The system of claim 9, further comprising:. 

mixing means for mixing material from the fifth reservoir with material transported 
from the first intersection toward the fourth reservoir. 

1 1 . The system of claim 9 wherein the third channel crosses the second channel 
to form a second intersection, the system further comprising: 

a sixth reservoir connected to the second intersection by the third channel. 

12. The system of claim 1 1 1 further comprising: 

means for transporting material from the fifth and sixth reservoirs to simultaneously 
move into the second intersection. 

13. The system of claim 12 wherein the transporting means transports the 
material from the fifth and sixth reservoirs through the second intersection toward the first 
intersection and toward the fourth reservoir after a selected volume of material from the first 
intersection is transported through the second intersection toward the fourth reservoir. 

14. A microchip flow control system, comprising: 

a body having integrated channels connecting at least four reservoirs, the channels 
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forming a first intersection wherein at least three of the reservoirs simultaneously have a controlled 
electrical potential associated therewith such that the volume of material transported from a first 
reservoir to a second reservoir through the first intersection is selectively controlled solely by the 
movement of a material from a third reservoir through the first intersection toward another 
reservoir. 

15. The system of claim 14 wherein the material transported is a fluid. 

16. The system of claim 14, further comprising: 

controlling means for transporting the second material from the third reservoir 
through the first intersection toward the second reservoir. 

17. The system of claim 16 wherein the controlling means includes dispensing 
means for transporting the second material through the first intersection in a manner that prevents 
the first material from moving through the first intersection toward the second reservoir after a 
selected volume of the first material has passed through the first intersection toward the second 
reservoir. 

18. The system of claim 16 wherein the controlling means includes diluting 
means for mixing the first and second materials in the first intersection in a manner that 
simultaneously transports the first and second materials from the first intersection toward the 
second reservoir. 

19. The system of claim 14 wherein the integrated channels include a first 
channel connecting the first and second reservoirs, a second channel connecting the third reservoir 
with a fourth reservoir in a manner that forms a first intersection with the first channel, and a third 
channel that connects a fifth reservoir with the second channel at a location between the first 
intersection and the fourth reservoir. 

20. The system of claim 19, further comprising: 

mixing means for mixing material from the fifth reservoir with material transported 
from the first intersection toward the fourth reservoir. 

21 . The system of claim 19 wherein the third channel crosses the second channel 
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at a second intersection, the system further comprising: 

a sixth reservoir connected to the second intersection by the third channel. 

22. The system of claim 21, further comprising: 

means for transporting material from the fifth and sixth reservoirs to simultaneously 
move into the second intersection. 

23. The system of claim 21, further comprising: 

means for transporting material from the fifth and sixth reservoirs through the 
second intersection toward the first intersection and toward the fourth reservoir after a selected 
volume of material from the first intersection is transported through the second intersection toward 
the fourth reservoir. 

24. A microflow control system, comprising: 

a body having integrated channels connecting at least four reservoirs, wherein first 
and second reservoirs of the four reservoirs contain first and second materials, respectively, a 
channel connecting the first reservoir and a third reservoir forming an intersection with a channel 
connecting the second and a fourth reservoir; and 
a voltage controller that: 

applies an electrical potential difference between the first reservoir and the 
third reservoir in a manner that transports a selected, variable volume of the first material from 
the first reservoir through the intersection toward the third reservoir; and 

after a selected time period, simultaneously applies an electrical potential 
to each of the four reservoirs in a manner that transports the second material from the second 
reservoir through the intersection toward the third reservoir and thereby inhibits movement of the 
first material through the intersection toward the third reservoir. 

25. A method of controlling the flow of material through an interconnected 
channel system having at least four reservoirs, wherein a first reservoir of the four reservoirs 
contains a first material, the interconnected channel system having integrated channels connecting 
the reservoirs, the channels forming an intersection, the method comprising: 

applying an electrical potential difference between the first reservoir and a third 
reservoir of the four reservoirs in a manner that transports a selected, variable volume of the first 
material from the first reservoir through the intersection toward the third reservoir; and 
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after a selected time period, simultaneously applying an electrical potential to each 
of the four reservoirs in a manner that inhibits the movement of the first material through the 
intersection toward the third reservoir. 
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